



















































It	 is	 not	 substantially	 the	 same	 as	 any	 that	 I	 have	 submitted,	 or,	 is	 being	






















thesis	 examines	 three	 predatory	 insects	with	 different	 predatory	 strategies,	 to	
understand	the	extent	to	which	active	vision	can	be	used	in	predation.	
The	 first	 experimental	 chapter	 considers	 the	 African	 praying	 mantid,	
Sphodromantis	lineola.	Praying	mantids	are	stationary	terrestrial	predators,	which	
use	their	extremely	mobile	necks	to	visually	track	prey	until	it	is	within	reach.	By	




annulatus,	 aerially	 attack	 static	 prey.	 Prior	 to	 attacking,	 darting	 robber	 flies	
translate	their	body	around	a	central	point,	assessing	their	prey.	After	assessment,	
they	 attack	 from	 a	 position	 correlated	 with	 the	 target's	 absolute	 size,	 not	 its	
angular	size.	Prey	is	beyond	the	robber	fly's	stereopsis	range	during	the	period	of	
assessment.	 Assessments	 of	 differently	 sized	 targets	 have	 similarities	 with	 the	
behaviour	 exhibited	 by	 jumping	 insects,	 which	 use	 motion	 parallax,	 a	 form	 of	









stimuli	 which	 may	 trigger	 their	 prey	 to	 produce	 evasive	 manoeuvres,	 thereby	
slowing	down.	Moreover,	by	travelling	faster	towards	their	prey,	killer	flies	may	
avoid	 losing	 track	 of	 it,	 a	 real	 danger	 when	 chasing	 moving	 prey	 with	 low-
resolution	eyes	potentially	avoided	thanks	to	active	vision.	









First	 and	 foremost,	 I	 would	 like	 to	 thank	 Prof.	 Jeremy	 Niven.	 His	 enthusiastic	
knowledge	and	expertise	on	every	topic	I	have	had	the	luck	to	talk	to	him	about	
are	only	outshined	by	his	warm	reassurance	and	understanding.	Much	more	than	
an	 accomplished	 scientist,	 he	 is	 an	 inspiration	 of	 kindness	 and	 support	 whom	
anyone	can	only	learn	from.	I	would	also	like	to	deeply	thank	Dr.	Matthias	Landgraf	
for	his	extensive	help	with	my	transitions	between	labs.	Time	is	the	most	precious	
resource	 in	 academia,	 and	 I	 am	 grateful	 he	 decided	 to	 spend	 some	 to	 help	me	
despite	 his	 huge	 workload.	 I	 am	 very	 thankful	 to	 Prof.	 Greg	 Sutton	 and	 Prof.	
Doekele	 Stavenga	 for	 assisting	me	with	 biomechanical	 and	 optical	 calculations	
respectively,	and	for	their	encouragement	and	appreciation	of	my	findings.	Thanks	
to	Prof.	Paloma	Gonzalez-Bellido	and	Prof.	Trevor	Wardill	for	the	collaboration.	







being	 entirely	my	 fault.	 Also	 thanks	 to	Dr.	 Jack	 Supple	 for	 the	 dark	 jokes,	 self-
commiseration,	and	shared	sufferance;	I	am	not	sure	any	of	that	helped,	but	at	least	
it	came	from	the	heart.	To	Dr.	Rachael	Feord,	 for	supporting	the	résistance	and	
partially	succeeding	 in	making	me	socialise.	To	Prof.	Kate	Feller,	 for	 the	shared	
interest	 in	 raptorial	 appendages	and	 for	welcoming	me	 to	 the	New	World	with	
food,	alcohol,	and	board	game	competition.	And	to	Dr.	Milly	Sharkey,	for	believing	















exciting.	 Thanks	 to	 Amy,	 for	 being	 a	 normal	 human	 being,	 but	 also	 one	 of	 the	















avermi	 insegnato	 a	 prendere	 decisioni	 con	 coscienza	 e	 giudizio,	 e	 per	 aver	
rispettato	 ogni	mia	 scelta	 nonostante	 l'apprensione.	 E	 a	mio	padre,	 per	 avermi	
trasmesso	la	sua	dedizione	al	lavoro	e	la	passione	per	il	mondo	naturale.	La	mia	







1. General	Introduction	 1 
1.1. Visual	Predation	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 1 
1.1.1. The	origin	of	predation	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 1 
1.1.2. Sensory	modalities	in	predation	 . . . . . . . . . . . . . . . . . . . . . . 	 3 
1.1.3. Behavioural	strategies	of	visual	predators	 . . . . . . . . . . . . . . . 	 5 
1.2. Studying	Predation	in	Animals	 . . . . . . . . . . . . . . . . . . . . . . . . 	 10 
1.2.1. The	study	of	predation	 . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 10 
1.2.2. Choice	of	experimental	animals	. . . . . . . . . . . . . . . . . . . . . . 	 13 
1.3. The	Visual	System	of	Insects	. . . . . . . . . . . . . . . . . . . . . . . . . . 	 16 
1.3.1. Insect	eyes	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 16 
1.3.2. Visual	processing	in	insects	 . . . . . . . . . . . . . . . . . . . . . . . . 	 20 
1.3.3. Active	vision	strategies	in	insects	 . . . . . . . . . . . . . . . . . . . . 	 23 
1.4. Thesis	Structure	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 26 
2. Active	Vision	Increases	the	Success	of	a	'Sit-and-Wait'	Predator	 29 
2.1. Introduction	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 29 
2.2. Materials	and	Methods	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 30 
2.2.1. Animals	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 30 
Table	of	Contents	XII	
2.2.2. Indoor	testing	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	31 
2.2.3. Videography	and	calibration	 . . . . . . . . . . . . . . . . . . . . . . . . 	32 
2.2.4. Data	extraction	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	33 
2.2.5. Statistics	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	34 
2.3. Results	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	35 
2.3.1. Variables	affecting	strike	kinematics	. . . . . . . . . . . . . . . . . . . 	35 
2.3.2. Variables	affecting	head	movements	. . . . . . . . . . . . . . . . . . . 	40 
2.4. Discussion	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	44 
2.4.1. Experimental	considerations	. . . . . . . . . . . . . . . . . . . . . . . . 	44 
2.4.2. Prey	speed	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	45 
2.4.3. Environmental	effects	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	46 
2.4.4. Repeated	presentations	and	learning	 . . . . . . . . . . . . . . . . . . 	46 
2.4.5. Mantids'	weight	and	sex	 . . . . . . . . . . . . . . . . . . . . . . . . . . . 	47 
2.4.6. Effects	of	head	movements	 . . . . . . . . . . . . . . . . . . . . . . . . . 	48 
2.5. Conclusions	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	49 
2.6. Supplementary	Information	. . . . . . . . . . . . . . . . . . . . . . . . . . . 	50 
3. Aerial	Predation	by	Motion	Parallax	in	an	Insect	 53 
3.1. Introduction	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	53 
3.2. Materials	and	Methods	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	57 
3.2.1. Animals	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	57 
3.2.2. Indoor	testing	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	57 
3.2.3. Videography	and	digitisation	. . . . . . . . . . . . . . . . . . . . . . . . 	58 
3.2.4. Kinematic	analysis	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	58 
3.2.5. Microscopy	imaging	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	59 
3.2.6. Visual	parameter	estimation	 . . . . . . . . . . . . . . . . . . . . . . . . 	60 
Table	of	Contents	 XIII	
3.2.7. Data	analysis	and	statistics	. . . . . . . . . . . . . . . . . . . . . . . . . 	 62 
3.3. Results	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 63 
3.3.1. The	attack	strategies	of	damselflies	and	darting	robber	flies	
show	marked	differences	when	assessing	prey	 . . . . . . . . . . 	 63 
3.3.2. Darting	robber	flies	are	capable	of	flying	with	a	smaller	
movement	range	than	when	assessing	prey	 . . . . . . . . . . . . 	 66 
3.3.3. Prey	relief,	background	presence,	colour	or	shape	do	not	
prevent	darting	robber	flies	from	attacking	 . . . . . . . . . . . . 	 67 
3.3.4. Effect	of	prey	size	on	the	prey	assessment	of	darting	robber	
flies	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 68 
3.3.5. Prey	is	outside	of	the	darting	robber	fly's	stereopsis	range	
when	an	attack	is	launched	 . . . . . . . . . . . . . . . . . . . . . . . 	 72 
3.4. Discussion	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 74 
3.5. Supplementary	Information	. . . . . . . . . . . . . . . . . . . . . . . . . . 	 78 
4. Gravity	and	Active	Acceleration	Limit	the	Steering	Ability	of	an	
Active	Predator	When	Attacking	from	Above	 85 
4.1. Introduction	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 85 
4.2. Materials	and	Methods	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 87 
4.2.1. Animals	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 87 
4.2.2. Animal	preparation	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 87 
4.2.3. Photography,	videography	and	data	extraction	 . . . . . . . . . . . 	 88 
4.2.4. Dynamic	analysis	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 89 
4.2.5. Steering	model	selection		. . . . . . . . . . . . . . . . . . . . . . . . . . 	 90 
4.2.6. Mapping	the	outcome	of	the	engagement	geometry		. . . . . . . . 	 94 
4.2.7. Data	analysis	and	statistics	. . . . . . . . . . . . . . . . . . . . . . . . . 	 94 
4.3. Results	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 95 
Table	of	Contents	XIV	
4.3.1. When	attacking	from	the	ceiling,	killer	flies	accelerate	with	
similar	magnitudes	in	highly	variable	trajectories	. . . . . . . . . 	95 
4.3.2. Dive	kinematics	can	be	replicated	using	lateral	acceleration-
limited	proportional	navigation	. . . . . . . . . . . . . . . . . . . . . 	98 
4.3.3. Killer	flies	take	off	in	region	that	should	lead	to	shortest	
trajectory,	but	are	impaired	by	limited	lateral	acceleration	. . 	101 
4.3.4. Killer	flies	maintain	wing	force	magnitude	during	dives,	
producing	higher	aerodynamic	power	than	attacks	from	the	
walls	or	floor	of	the	arena.	 . . . . . . . . . . . . . . . . . . . . . . . 	104 
4.4. Discussion	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	108 
4.4.1. Limited	proportional	navigation	as	steering	controller	. . . . . . 	108 
4.4.2. Take-off	timing	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	110 
4.4.3. Potential	advantages	in	early	take-off	 . . . . . . . . . . . . . . . . . 	111 
4.5. Conclusions	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	112 
4.6. Supplementary	Information	. . . . . . . . . . . . . . . . . . . . . . . . . . 	113 








Organisms	 need	 energy	 to	 complete	 biological	 functions	 and	 survive.	 Some	
organisms,	autotrophs	like	plants	and	algae,	are	capable	of	producing	that	energy	
themselves	 (Mauseth,	 2014).	 Others,	 heterotrophs	 like	 animals,	 acquire	 their	
energy	by	consuming	autotrophs,	or	each	other.	Consumption	of	autotrophs,	called	
herbivory,	 has	 the	 advantage	 that	 plants	 are	 abundant	 and	 cannot	 effectively	
escape	due	to	reduced	motility.	However,	plants	are	low	in	nutrients	and	high	in	
fibre,	requiring	animal	herbivores	to	have	long	and	difficult	digestions	to	extract	
energy	 and	 nutrients,	 both	 macronutrients	 and	 micronutrients	 (Horn,	 1989;	
Hume,	2002).	Moreover,	most	plants	produce	toxins	as	defence	against	excessive	
consumption	 by	 herbivores,	 which	 often	 need	 complex	 toxin	 removal	 systems	
(Dearing	 et	 al.,	 2000;	 Karban	 and	 Agrawal,	 2002;	 Nishida,	 2002).	 By	 contrast,	
animals	 that	 predate	 upon	 each	 other,	 called	 carnivores	 sensu	 lato,	 have	much	
smaller	 digestive	 tracts	 because	 less	 processing	 is	 required	 to	 extract	 readily	
usable	molecules	 (macronutrients	 and	micronutrients).	However,	 because	 prey	
and	predators	are	more	closely	related,	they	compete	in	an	evolutionary	arms	race	
based	on	quick	movements	and	reactions.	
Although	 predation	 has	 existed	 since	 the	 pre-Cambrian	(Bengtson,	 2002;	
Bengtson	 and	 Zhao,	 1992),	 the	 evolutionary	 arms	 race	 between	 predators	 and	
prey	 has	 escalated	 in	 speed	with	 the	 so-called	 'Cambrian	 explosion'	 (Marshall,	
2006;	McMenamin	and	Schulte	McMenamin,	1990).	During	the	Cambrian	Period,	
multicellular	 organisms	 started	 developing	 specialised	 structures	 to	 support	
mostly	two	specific	functions.	
One	of	these	was	vision.	In	the	Cambrian,	photosensitive	cells	grouped	together	





the	so-called	 'shadow	withdrawal	 reflex',	where	 the	shadow	cast	by	a	potential	
predator	causes	the	animal	to	retract	its	soft	body	into	a	hard	protective	structure	
(Ferguson	 and	 Benjamin,	 1991;	 Nicol,	 1950).	 As	 eyes	 started	 becoming	 more	
complex	with	 lenses	 focussing	 the	 light	 on	 the	 photosensitive	 cells,	 and	 neural	
circuits	that	could	extract	directional	visual	cues,	animals	became	able	to	locate	
each	other	with	reasonable	accuracy	(Nilsson,	2009;	Sillar	et	al.,	2016).	This	was	




and	 exoskeletons	 in	 arthropods	 (Vermeij,	 1989;	 Vermeij,	 1993).	 Though	 the	
primary	 function	 of	 these	was	 assumed	 to	 be	 protection	 from	predators	 (Dzik,	
2007;	Vermeij,	1989),	exoskeletons	greatly	enhance	movement	efficiency	(Cisne,	
1974;	Cohen,	2005),	making	arthropods	excellent	at	both	predating	and	escaping.	




(Flood,	 1970;	 Long	 et	 al.,	 2002;	Webb,	 2009),	 thereby	 establishing	 the	 phylum	
Chordata.	The	notochord,	precursor	of	the	inner	skeleton,	provided	a	semi-rigid	
structure	 for	 muscle	 attachment,	 which	 not	 only	 allowed	 fast	 escapes	 from	
arthropod	predators,	but	also	enabled	early	chordates	to	adapt	to	predatory	life	
themselves	 (Jollie,	 1973).	 This	 was	 accompanied	 by	 a	 series	 of	 morphological	
changes	to	cope	with	the	increased	metabolic	rate	associated	with	predation	(Gans	
and	 Northcutt,	 1983;	 Northcutt	 and	 Gans,	 1983),	 including	 the	 appearance	 of	
elastic	 gills,	 a	 capillary	 circulatory	 system	with	 central	 pumping,	 and	muscular	
propulsion	 of	 food	 through	 the	 gut.	 Together	 with	 the	 appearance	 of	 sensory	
organs	 on	 a	 restructured	 head	 to	 detect	 prey	 (Bodznick	 and	 Northcutt,	 1981;	
Bullock	et	al.,	1983;	Gans	and	Northcutt,	1983;	Vinnikov,	1982),	early	vertebrates	
could	 turn	 into	 fully	predatory	animals	and	grow	 in	size,	eventually	developing	
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to	maximise	power,	enough	 to	break	 through	an	animal's	hard	shell	 (Elner	and	
Campbell,	2009;	Erickson	et	al.,	1996;	Westneat,	2004).	Other	levers	have	evolved	





al.,	 1993;	 Patek	 et	 al.,	 2004;	 Ritzmann,	 1973;	Wainwright	 and	 Bennett,	 1992),	
which	gives	advantages	to	both	prey	and	predators.	
Although	predation	has	been	present	since	the	pre-Cambrian	(Bengtson,	2002;	







to	 capture	 their	 prey	 and	 often	 more	 than	 one	 sense	 is	 used.	 What	 are	 the	
advantages	 and	 disadvantages	 of	 vision	 compared	 to	 other	 sensory	modalities	
used	for	predation?	
Although	vision	is	fast,	somatosensory	perception	is	arguably	much	faster	than	
vision	 because	mechano-transduction	 is	 three	 orders	 of	magnitude	 faster	 than	
photo-transduction	(Corey	and	Hudspeth,	1983;	Laughlin	and	Weckström,	1993).	





120	 ms	 (Catania	 and	 Remple,	 2005).	 Although	 incredibly	 fast,	 this	 predatory	
modality	is	extremely	close	range,	only	detecting	prey	when	contacting	it.	Some	
tactile	predators	are	able	to	cope	with	this	limitation.	Water	can	transmit	forces	







The	 range	 of	 chemoreception-mediated	 predation	 is	 more	 extended.	 Many	
animals	including	lobsters	(Derby	et	al.,	2001),	sharks	(Gardiner	and	Atema,	2010)	
and	catfish	(Atema,	1971)	are	capable	of	orienting	towards	chemical	cues	released	
by	 their	 prey.	 Depending	 on	 the	 sensitivity	 of	 chemoreception	 and	 chemical	
concentration,	this	sensory	modality	can	be	used	over	impressive	distances.	Tube-
nose	seabirds,	like	albatrosses,	are	generalist	marine	predators	with	particularly	
sensitive	chemoreception	 (Nevitt	et	al.,	1995),	 that	have	evolved	 to	detect	prey	
over	the	thousands	of	kilometres	separating	their	nesting	and	feeding	sites	(Van	
Buskirk	and	Nevitt,	 2008).	However,	 chemical	plumes	are	 imprecise	 indicators,	
often	requiring	lateral	casting	to	ensure	accuracy	(Nevitt	et	al.,	2008),	which	is	a	










sensing.	 An	 animal	 performing	 active	 sensing	 emits	 a	 signal	 and	 is	 capable	 of	
detecting	 and	processing	how	 the	 environment	 affects	 this	 signal.	 Echolocating	
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animals	emit	soundwaves	and	listen	to	the	echo	of	their	call,	which	can	signal	the	





Other	predators	have	evolved	 less	common	strategies	 to	discover	and	 follow	















search,	 prey	pursuit,	 and	prey	handling	 (Sillar	 et	 al.,	 2016).	Animals	 can	 invest	
their	energy,	time,	and	developmental	resources	in	each	of	these	phases	depending	
on	 their	 ecological	 priorities	 (Griffiths,	 1980).	 Although	most	 predators	 centre	








Filter	 feeders	have	evolved	 interesting	microstructures	to	 filter	prey	(Crisp	and	
Southward,	1961;	Hamner	et	al.,	1983;	 Jenkin,	1957;	Motta	et	al.,	2010;	Nelson,	
1923;	Sanderson	and	Wassersug,	1993).	However,	their	behavioural	complexity	is	
low	 compared	 to	 other	 predators,	 at	 least	 with	 regards	 to	 feeding.	 As	 energy	
maximisers,	 filter	 feeders	 avoid	 engaging	 in	 energy-expensive	 behaviours	
(Griffiths,	 1980).	 For	 this	 reason,	 it	 is	 often	 advantageous	 for	 them	 to	 avoid	
locomotion	 altogether	 and	 evolve	 a	 sessile	 lifestyle	 (Kirkegaard	 and	 Goldstein,	
2016).	This	body	design	is	advantageous	enough	to	have	evolved	many	times	in	






coincidence.	 Cheetahs	 predate	 on	 fast-running	 ungulates	 such	 as	 gazelles	 and	
impalas	(Hayward	et	al.,	2006).	Although	the	speed	difference	between	predator	
and	prey	is	minimal,	the	cheetah	is	capable	of	much	higher	accelerations	(Wilson	
et	 al.,	 2018)	 and	 rapid	 turns	 (Wilson	 et	 al.,	 2013).	 Although	 achieving	 less	
impressive	absolute	speeds,	tiger	beetles	are	pursuit	predators	reaching	similar	
speeds	relative	to	body	size	(Gilbert,	1997).	Tiger	beetles	chase	prey	via	pursuit,	
which	uses	 their	prey's	actual	position	 to	determine	 the	beetle's	direction.	This	






















of	 active	 predators,	 even	 when	 using	 other	 chasing	 strategies	 (Gilbert,	 1997).	
Coincidentally,	the	dragonfly's	interception	also	masks	the	chaser's	movement	as	
a	background	object,	as	the	chaser	stays	in	a	stable	portion	of	the	visual	field	of	the	
chased	 animal	 (Srinivasan	 and	Davey,	 1995).	 Similar	 efficient	 paths	 have	 been	
recorded	during	 the	attacks	of	dipteran	 flies	 (Fabian	et	al.,	2018;	Wardill	 et	al.,	
2017),	but	also	hawks	(Kane	et	al.,	2015)	and	falcons	(Brighton	et	al.,	2017).	Some	
predators,	 however,	 exploit	 rather	 than	 avoid	 their	 prey's	 escape	manoeuvres.	
Flush	 pursuers,	 like	 the	 painted	 redstart,	 use	 conspicuous	 body	 parts	 to	 elicit	
escape	 manoeuvres	 in	 their	 prey,	 thereby	 directing	 it	 towards	 their	 preferred	
attack	zone	(Jabłoński,	1999;	Jabłoński,	2001).	
Contrary	 to	 active	 predators,	 sit-and-wait	 or	 ambush	predators	 invest	much	





on	 the	body	morphology	of	 cheetahs	 and	 tigers,	 both	 felines,	 is	 remarkable.	As	





areas	 (Brito	 et	 al.,	 2011;	 Johnson,	 1973).	 This	 firstly	 has	 the	 advantage	 of	
concealing	 them	 whilst	 still	 being	 able	 to	 see	 prey	 through	 the	 water.	 More	
importantly	however,	 these	pools	are	necessary	resources	other	animals	obtain	




al.,	 2019;	 Freed	 et	 al.,	 2019),	 which	 acts	 as	 a	 lure	 to	 small	 fish	 eaten	 by	 the	
anglerfish	 (Grobecker	 and	 Pietsch,	 1979;	 Munk,	 1999;	 Pietsch	 and	 Grobecker,	





2014).	 However,	 most	 mantids	 use	 camouflage	 to	 go	 unnoticed	 by	 potential	
predators	and	prey	(Svenson	et	al.,	2015),	an	 important	but	 largely	unexplored	
component	 of	 sit-and-wait	 predators	 to	 allow	 targets	 to	 get	within	 their	 reach	
(Pembury	Smith	and	Ruxton,	2020).	
Most	 notably,	 praying	mantids	 have	 evolved	 specialised	 forelimbs,	 featuring	
spines	 that	 mechanically	 and	 behaviourally	 aid	 prey	 capture	 (Copeland	 and	
Carlson,	 1977;	 Loxton	 and	Nicholls,	 1979;	 Prete,	 1990).	 The	 structure	 of	 these	
raptorial	forelegs	is	so	well	adapted	for	capturing	prey	that	similar	morphologies	
evolved	 independently	 in	 at	 least	 two	 other	 predatory	 arthropods:	mantispids	




and	 powerful	 movements	 to	 subdue	 prey,	 which	 is	 why	 these	 are	 also	 called	
"power-amplified"	 movements.	 This	 type	 of	 movement	 is	 not	 unusual	 among	
ambush	 predators,	 and	 is	 also	 used	 by	 snapping	 shrimps	 (Ritzmann,	 1973),	
chameleons	 (Wainwright	and	Bennett,	1992),	 salamanders	 (Deban	et	 al.,	 1997)	
and	toads	(Lappin	et	al.,	2006).	Power-amplified	movements	are	ballistic	and	can	
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only	 be	modulated	 prior	 to	movement	 initiation	 (Kagaya	 and	 Patek,	 2016).	 In	
opposition	to	the	closed-loop	controllers	used	by	active	predators	to	chase	prey,	
ambush	 predators	which	 use	 power-amplified	movements	 can	 be	 described	 as	
open-loop	actuators	(Longo	et	al.,	2019).	
Another	commonality	among	many	ambush	predators	is	their	ability	to	gather	
depth-related	 information	 about	 their	 prey,	 such	 as	 absolute	 size	 and	distance.	









(Coddington	 and	 Sobrevilla,	 1987;	 Robinson	 and	 Robinson,	 1971).	 The	
relationship	 between	 vision	 and	 predation,	 both	 pursuit	 and	 ambush,	 will	 be	
examined	in	section	1.3.	









has	 crucial	 effects	 on	 the	 type	 of	 prey	 captured.	 Nevertheless,	 the	 strategies	
exhibited	by	each	member	of	the	group	have	parallels	with	solitary	predators.	The	
challenges	 posed	 by	 predatory	 lifestyle	 and	 solutions	 to	 overcome	 them	 can	




and	 faster	 appendage	movements.	 Visual	 predation	 among	 extant	 animals	 is	 a	
unique	field	to	look	at	principles	of	animal	evolution	in	sensory	ecology,	structural	
morphology	and	behaviour.	Visual	predation	can	be	broadly	divided	 into	active	
predation	 and	 sit-and-wait	 predation.	 Active	 predators	 chase	 their	 prey	





By	 contrast,	 sit-and-wait	 predators	 remain	 hidden,	 usually	 thanks	 to	 their	
camouflage,	waiting	for	prey	to	get	near	them,	although	they	do	sometimes	stalk	
it.	 In	 a	 few	 instances,	 predators	 have	 even	 evolved	 features	 attractive	 to	 prey.	
When	close,	they	use	powerful	specialised	appendages	or	tools	to	capture	it.	Some	








pursue	predatory	 life.	 Consequently,	 predation	has	been	 studied	 through	many	








and	Nicol,	1966).	However,	 the	 light	 reflected	by	 the	scales	does	not	match	 the	
polarisation	of	the	background.	Some	predators	such	as	cuttlefish	and	octopus	can	
detect	polarised	light,	which	allows	them	to	break	the	camouflage	and	makes	them	
able	 to	 predate	 on	 teleosts	 (Shashar	 and	 Cronin,	 1996;	 Shashar	 et	 al.,	 1998;	
Shashar	et	al.,	2000).	To	spot	prey,	many	predators	use	matched	filters,	whereby	a	
signal	 given	by	prey	 is	matched	by	 the	 sensitivity	of	 a	 receptive	 channel	of	 the	







central	 role	 in	 the	 development	 of	 neuroethology	 as	 a	 field,	 with	 many	 of	 its	
founding	fathers	having	worked	on	predatory	animals	such	as	vipers	(Bullock	and	




approach	 to	 predation	 aims	 to	 describe	 how	 salient	 stimuli	 are	 extracted	 by	
peripheral	sensory	systems,	overlapping	with	sensory	ecology,	but	also	how	they	
are	processed	centrally	and	generate	motor	outputs.	By	comparing	how	different	







animal	 movements;	 any	 delay	 or	 energy	 dissipation	 during	 predator-prey	
interactions	may	result	in	the	early	termination	of	an	animal's	life.	For	this	reason,	




loading	 power-retaining	 structures	 via	 slow	 but	 powerful	muscle	 contractions.	
These	structures,	or	springs,	can	be	locked	in	place	by	a	latch,	controlled	by	a	weak	
but	 fast	 muscle.	 Once	 the	 latch	 is	 disengaged,	 these	 appendages	 release	 vast	
amounts	of	 power	 in	 a	 short	 amount	of	 time.	These	 catapult	mechanisms	have	
been	found	in	predators	and	prey	(Bennet-Clark,	1975;	Burrows,	2003;	Burrows	
and	Hoyle,	1972;	Deban	et	al.,	1997;	Gronenberg	et	al.,	1993;	Lappin	et	al.,	2006;	
Ritzmann,	 1973;	 Wainwright	 and	 Bennett,	 1992),	 some	 of	 which	 have	 been	
described	in	the	previous	section.	Although	it	may	initially	seem	that	biomechanics	
is	a	relatively	isolated	field	in	the	study	of	predation,	an	animal's	predatory	style	




predatory	 behaviour.	 As	 already	 stated	 in	 the	 previous	 section,	 catapult	
movements	are	ballistic,	which	means	that	they	cannot	be	modulated	after	they	
begin.	Consequently,	they	rely	on	open-loop	feedback,	which	requires	the	animal	
to	 pre-set	 its	 muscular	 activity	 pattern	 before	 initiating	 the	 actual	 movement	





by	 both	 intrinsic	 and	 extrinsic	 factors,	 and	 the	 function	 behind	 its	 predatory	
behaviour.	 By	 using	 principles	 of	 sensory	 ecology,	 neuroethology	 and	
biomechanics	together,	scientists	have	been	able	to	draw	otherwise	invisible	links	
between	various	aspects	of	predation	(Combes	et	al.,	2012;	Higham	et	al.,	2016;	




Although	 the	 theoretical	 approach	 to	 predation	 can	 be	 open	 and	 draw	 from	
various	 sources,	 the	 practicalities	 of	 experimentation	 often	 start	 with	 one	
question.	What	animal	to	consider	when	studying	predation?	A	common	strategy	
in	 biology	 is	 to	 use	 so-called	 "model	 organisms"	 (Leonelli	 and	 Ankeny,	 2013),	
animals	that	have	been	studied	in	depth	for	many	years,	resulting	in	their	genomes	
being	sequenced	in	large	part	or	even	in	full,	as	in	fruit	flies	(Adams	et	al.,	2000)	or	
mice	 (Waterston	 et	 al.,	 2002).	 Whole-genome	 sequencing	 of	 an	 animal	 hugely	
contributes	 to	 understanding	 of	 its	 physiology	 and,	 importantly,	 unlocking	 a	
number	of	genetic	tools	available	to	study	the	organism	even	further	(Hales	et	al.,	
2015).	 Model	 animals	 have	 mostly	 been	 selected	 for	 their	 quick	 generational	




zebrafish,	 which	 was	 originally	 studied	 as	 model	 organisms	 for	 vertebrate	
development,	 but,	 after	 their	 genome	was	 sequenced	 (Howe	 et	 al.,	 2013),	 they	
became	central	models	for	many	fields,	including	the	study	of	predation.	In	fact,	
although	 considered	 an	 omnivore	 (Spence	 et	 al.,	 2007b),	 zebrafish	 can	predate	
upon	suitably	sized	arthropods	(Spence	et	al.,	2007a),	which	has	led	into	insightful	













the	 model-organism	 approach	 comes	 from	 one	 of	 the	 founding	 fathers	 of	





on	 how	 analogue	 circuitry	 in	 other	 animals	 can	 support	 similar	 functions.	 For	
example,	dragonflies	are	"champion"	predators,	who	predate	upon	smaller	flying	






in	 the	 dragonfly,	 analogues	 of	 these	 neurons	 have	 been	 found	 in	 other	 non-
predatory	flies	(Keleş	and	Frye,	2017;	Nordström	and	O’Carroll,	2006),	supposedly	
underlying	 sexual	 selection.	 This	 approach	 is	 so	 popular	 in	 neuroethology	 that	
champion	animals	may	be	referred	to	as	model	animals	by	some,	though	with	a	
different	 meaning	 from	 what	 geneticists	 and	 physiologists	 define	 as	 a	 model	
organism.	Eventually,	 the	 choice	of	what	organism	 to	 select	when	 investigating	
behaviour	should	come	down	to	practicalities	of	experimentation,	as	well	as	ease	
of	 husbrandry	 and	 how	 generalisable	 the	 findings	 can	 be.	 Effectively	 put	 into	
words	 by	August	Krough,	 "For	 a	 large	 number	 of	 problems	 there	will	 be	 some	






differences	 between	 clades.	 When	 two	 predators	 show	 differences	 in	 their	
predatory	 pattern,	 that	 could	 be	 due	 either	 to	 their	 evolutionary	 history	 or	 to	
differences	 in	 the	ecological	niche	 to	which	 they	are	 adapted.	Unless	 ecological	
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conditions	 are	 similar,	 the	 further	 apart	 the	 two	 compared	 animals	 are	 on	 the	





same	 time	 arthropods	 (phylum	 Arthropoda)	 evolved	 (Edgecombe,	 2020).	 As	
discussed	 above	 (see	 section	 1.1.1),	 at	 that	 time	 animals	 were	 evolving	 visual	
abilities	and	solid	structures	to	support	movement.	For	this	reason,	fundamental	
differences	exist	between	chordates	and	arthropods	in	terms	of	eye	morphology	
(Nilsson,	 1996),	 body	 architecture	 (Arendt	 and	 Nübler-Jung,	 1994),	 and	motor	
control	 (Belanger,	 2005).	 Parallels	 between	 animals	 can	 be	 made	 more	 easily	
within	each	group,	although	general	principles	of	arthropod	behaviour	can	inform	
the	study	of	chordate	behaviour	and	vice	versa.	
When	 faced	 with	 the	 choice	 of	 studying	 predation	 in	 either	 chordates	 or	
arthropods,	there	are	many	advantages	of	using	arthropods,	and	specifically	the	
insects	 (subphylum	 Hexapoda),	 its	 largest	 subphylum.	 Firstly,	 insects	 are	
generally	smaller	than	vertebrates.	This	means	that	they	can	be	reared	in	smaller	
spaces	and	with	less	food	than	vertebrates,	which	drastically	reduces	the	cost	of	
their	maintenance.	 Insects	 are	 not	 only	 smaller,	 but	 their	 nervous	 system	 also	
possesses	 fewer	 neurons,	 many	 orders	 of	 magnitude	 fewer	 than	 in	 vertebrate	
nervous	 systems	 (Azevedo	 et	 al.,	 2009;	 Menzel	 and	 Giurfa,	 2001;	 Zheng	 et	 al.,	
2018).	 Given	 the	 moderate	 effect	 of	 increasing	 numbers	 of	 neurons	 on	 the	
production	of	 qualitatively	different	behaviours	 (Chittka	 and	Niven,	 2009),	 this	
makes	 insects	 excellent	 models	 to	 study	 complex	 behaviour.	 Many	 neurons	 in	
insects,	 though	not	all,	 are	 identifiable	between	 individuals	of	 the	same	species	
(Comer	 and	 Robertson,	 2001;	 Meinertzhagen,	 2016;	 Rowell,	 1989),	 due	 to	
developmental	processes	that	produce	neurons	recognisable	by	morphology	and	







from	 the	 truth.	 Insects	 are	 the	most	 diverse	 class	 of	 all	 animals	 (Stork,	 2018),	
having	evolved	to	exploit	the	majority	of	terrestrial	ecosystems.	The	phylogenetic	
tree	of	 insects	 is	 vast	 (Misof	 et	 al.,	 2014)	 and	 includes	many	predatory	 species	
(Grimaldi	and	Engel,	2005).	As	already	outlined,	insects	include	active	predators	
such	as	dragonflies,	tiger	beetles,	and	robber	flies,	while	among	ambush	predators	
are	 praying	 mantids,	 ambush	 bugs,	 water	 stick	 insects,	 and	 mantispids.	 Many	
others,	 including	 damselflies	 and	 water	 bugs,	 can	 switch	 between	 predatory	
strategies	 depending	 upon	 the	 context.	 All	 these	 predators	 possess	 bodies	 of	
approximately	similar	size,	with	similar	eye	structures	and	motor	systems	and	are	
therefore	highly	comparable.	
Although	 a	 model-system	 approach	 to	 studying	 predation	 would	 advocate	
choosing	 genetically	 tractable	 predators,	 like	 the	 zebrafish,	 a	 champion-animal	











Hardie,	 2009),	 which	 in	 insects	 causes	 the	 membrane	 potential	 to	 depolarise.	
Increasing	the	number	of	opsins	on	a	photoreceptor	makes	it	more	sensitive,	as	it	
increases	the	 likelihood	of	photon	capture.	Because	opsins	are	trans-membrane	
proteins,	 photoreceptors	 have	 a	 considerable	 amount	 of	 cell	 membrane	 to	
increase	 their	 sensitivity	 (Nilsson,	 2009).	 In	 insects,	 this	 is	 achieved	 by	
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evaginations	of	the	photoreceptor's	membrane	called	microvilli,	which	are	densely	
packed	 with	 opsins.	 In	 most	 insects,	 the	 microvilli	 from	 neighbouring	
photoreceptors	are	grouped	to	form	a	rhabdom.	An	additional	boost	in	sensitivity	
is	given	by	a	 lens,	which	 focuses	 light	onto	the	rhabdom	by	refraction	(Nilsson,	
2009).	 Insects	 have	 compound	 eyes,	 where	 each	 rhabdom	 in	 the	 eye	 has	 a	
corresponding	 lens,	 contrary	 to	 vertebrates	which	 possess	 one	 lens	 per	 eye,	 a	
design	called	camera	or	simple	eye.	A	compound	eye	is	made	up	by	repeats	of	basic	




(Snyder,	 1977),	 the	 balance	 of	which	 needs	 to	match	 the	 visual	 ecology	 of	 the	
animal.	 The	 higher	 the	 ommatidium	 density	 in	 the	 eye,	 the	more	 resolved	 the	
imaged	 formed	 by	 it.	 However,	 more	 densely	 packed	 ommatidia	 necessarily	
decrease	 in	 size,	 reducing	 their	 sensitivity.	 This	 trade-off	 can	 be	 measured	 in	




	 !" = $!"#$#/&	 Equation	1.1	
The	 resolution	 of	 the	 eye	 increases	 as	 the	 interommatidial	 angle	 decreases.	 A	
better	approximation	of	eye	resolution	is	the	receptive	field	of	its	photoreceptors	
which,	rather	than	being	determined	by	the	distance	between	them,	is	determined	
by	 their	 diameter	 (dphoto).	 Better	 known	 as	 the	 acceptance	 angle	 (Δρ),	 it	 can	 be	
calculated	as:	
	 !' = (!"#$#/&	 Equation	1.2	
Sensitivity	 can	 be	 measured	 as	 the	 focal	 ratio	 (also	 known	 as	 the	 F-number),	
obtained	by	dividing	the	focal	length	of	a	lens	(f)	and	its	diameter	(dlens):	
	 ) = &/(%&'(	 Equation	1.3	
The	sensitivity	of	the	eye	increases	as	the	focal	ratio	decreases.	A	crucial	bottleneck	




not	 only	 under	 physical	 constraints,	 especially	 in	 flying	 insects	 (Swallow	 et	 al.,	
2000),	 but	 also	 energetically	 very	 expensive	 to	 maintain	 (Niven	 et	 al.,	 2007).	
Rather	 than	 evolving	 impractically	 huge	 eyes,	 many	 insects,	 and	 particularly	
predators,	 evolved	 eyes	where	 ommatidia	 are	more	 numerous,	 or	 larger,	 or	 at	
lower	 interommatidial	 angles,	 only	 in	 certain	 areas	of	 the	 eye	 (Barros-Pita	 and	
Maldonado,	 1970;	 Gonzalez-Bellido	 et	 al.,	 2011;	 Horridge,	 1978;	 Laughlin	 and	
McGinness,	 1978;	Rossel,	 1979;	 Sherk,	1978;	Wardill	 et	 al.,	 2017).	These	areas,	





2002).	 Apposition	 compound	 eyes	 have	 optically	 and	 anatomically	 isolated	




who	 possess	 an	 apposition	 compound	 eye	 are	 diurnal,	 such	 as	 dragonflies	 and	
praying	 mantids.	 In	 superposition	 compound	 eyes	 (Exner,	 1891),	 lenses	 are	
separated	 from	 the	 photoreceptive	 layer	 by	 a	 clear	 zone	 that	 lacks	 isolating	
pigments.	By	 refracting	 light	 from	many	 lenses	onto	 individual	photoreceptors,	
superposition	compound	eyes	more	 than	double	 the	photon	catch	of	 individual	
photoreceptors	 (Miller	 et	 al.,	 1968).	 Such	 a	 large	 superposition	 aperture	 can,	
however,	 encounter	 many	 aberrations	 resulting	 in	 a	 somewhat	 blurred	 image	
(Caveney	 and	 McIntyre,	 1981;	 Warrant	 and	 McIntyre,	 1990).	 For	 this	 reason,	
superposition	eyes	are	common	among	night	active	insects	or	otherwise	living	in	
low-light	conditions,	such	as	forest-dwelling	tiger	beetles	(Brännström,	1999).	A	
third	 type	 of	 eye	 evolved	 in	 dipteran	 flies,	 called	 a	 neural	 superposition	 eye	
(Kirschfeld,	 1966).	 Much	 like	 apposition	 eyes,	 the	 ommatidia	 of	 neural	
superposition	eyes	are	isolated.	In	each	ommatidium	however,	the	photoreceptors	
separated	 into	 8	 different	 rhabdomeres	 (R1-8).	 Aside	 from	 colour-sensitive	
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rhabdomeres	(R7-8),	which	are	stacked	on	top	of	each	other,	each	rhabdomere	has	
its	 own	 optical	 axis.	 The	 optical	 axis	 between	 two	 rhabdomeres	 within	 an	
ommatidium	is	matched	by	the	optical	axes	between	two	ommatidia	(Stavenga,	
1975).	 The	 signals	 from	 rhabdomeres	 that	 sample	 the	 same	 point	 in	 space	 in	
neighbouring	 ommatidia	 are	 then	 pooled	 post-synaptically,	 thereby	 increasing	
sensitivity	without	sacrificing	resolution	(Agi	et	al.,	2014).	
As	explained,	 the	effect	of	an	animal's	 light	environment	on	 the	design	of	 its	
compound	 eyes	 has	 been	 investigated	 in	 detail.	 However,	 an	 animal's	 foraging	


















is	responsible	 for	phototransduction,	while	 the	other	neuropils	use	 information	
from	the	retina	to	extract	salient	visual	information.	All	the	neuropils	of	the	optic	
lobe	 are	 retinotopically	 arranged,	 meaning	 that	 neighbouring	 cartridges,	 or	
columns,	 of	 neurons	 in	 the	 different	 neuropils	 process	 visual	 input	 from	
neighbouring	ommatidia.	
Achromatic	photoreceptors	project	medially	 to	 the	 first	neuropil	of	 the	optic	
lobe,	called	the	lamina.	Each	column	in	the	lamina	has	the	same	subsets	of	neurons	
to	refine	the	output	from	photoreceptors.	The	large	monopolar	cells	(LMCs)	in	the	
lamina	 amplify	 the	 signal	 from	 photoreceptors	 and	 directly	 filter	 the	 incoming	
The	Visual	System	of	Insects	 21	
information	 to	 enhance	 contrast	 detection	 (Laughlin	 and	 Hardie,	 1978),	
responding	to	light	increments	and	decrements	rather	than	absolute	values.	The	
rest	of	the	neurons	are	responsible	for	modulating	this	 feedforward	signal	with	
feedback	 information	 coming	 from	 the	 medulla	 (Tuthill	 et	 al.,	 2013),	 possibly	




fact,	 the	medulla	 receives	signals	 from	the	 laminar	columns	retinotopically,	but	






2008),	while	 later,	more	proximal	 layers	extract	motion	 information,	with	both	
directional	 and	 non-directional	 preferences	 (Douglass	 and	 Strausfeld,	 1995;	
Douglass	and	Strausfeld,	1996).	Some	of	both	wide-field	and	small-field	neurons	
in	the	medulla	feedback	to	the	lamina	(Fischbach	and	Dittrich,	1989),	while	others	
project	 directly	 to	 the	 central	 brain	 (Otsuna	 and	 Ito,	 2006).	 Most	 neurons,	
however,	 project	 to	 the	 lobula,	 carrying	 information	 about	 both	wide-field	 and	
small-field	motion.	







depends	 on	 the	 general	 ecology	 of	 the	 animal.	 Most	 generally,	 the	 lobula	 is	
responsible	 for	 discriminating	 objects	 in	 the	 visual	 field	 from	 the	 background	




which	 can	 indicate	 computational	 principles	 common	 amongst	many,	 if	 not	 all,	
animals	 (Borst	 and	 Egelhaaf,	 1989).	 In	 the	 lobula	 of	 flying	 animals,	 wide-field	
neurons	 are	 tuned	 to	patterns	of	 visual	 field	motion	matched	by	 specific	 aerial	
manoeuvres	 generated	 by	 self-motion	 (Krapp	 et	 al.,	 1998).	 Some	 neurons	 can	
encode	for	differential	angular	movements	of	objects	in	the	visual	field	in	response	
to	 self-movement	 (Longden	 et	 al.,	 2017),	 possibly	 extracting	 three-dimensional	
information	about	an	animal's	surroundings.	Parallel	to	and	separate	from	wide-
field	motion,	 the	 lobula	also	processes	object	detection.	Among	object-detecting	
neurons	 are	 looming	 detectors,	 present	 in	 a	 variety	 of	 insects	 (de	Vries	 and	
Clandinin,	2012;	O’Shea	and	Williams,	1974;	Rind	and	Simmons,	1992;	Yamawaki,	
2018).	Other	neurons	are	tuned	to	the	detection	of	small	targets	travelling	across	
the	 visual	 field,	 and	 are	 for	 this	 reason	 called	 small	 target	 motion	 detectors	
(STMDs)	(Keleş	and	Frye,	2017;	Nordström	and	O’Carroll,	2006;	O’Carroll,	1993;	
Wu	et	al.,	2016).	Of	these	cells,	some	respond	to	seemingly	quite	complex	stimuli.	
For	 example,	 neurons	 can	 attend	 a	 single	 stimulus	 out	 of	 two	 identical	 targets	
(Wiederman	 and	O’Carroll,	 2013),	 or	 respond	 to	 stimuli	with	 certain	matching	
coordinates	between	the	two	eyes	(Rosner	et	al.,	2019).		
Neurons	 from	 the	 lobula	 project	 onto	many	 brain	 areas,	 where	 information	
about	 salient	 visual	 features	 is	 integrated	 with	 other	 sensory	 information,	








(Nicholas	 et	 al.,	 2018;	 Olberg,	 1981a).	 Predatory	 insects	 need	 fast	 and	 precise	
information	 about	 object	 motion;	 for	 this	 reason	 they	 evolved	 target-selective	
descending	 neurons	 (TSDNs)	 with	 large	 axons,	 producing	 faster	 conductance	
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have	 been	 shown	 to	mediate	 defensive	 behaviour	 (Sato	 and	 Yamawaki,	 2014),	
again	suggesting	they	are	not	involved	in	predatory	behaviour	alone.	One	class	of	
target-sensitive	 descending	 neurons	 has	 been	 described	 in	 the	 praying	mantid	




release	 a	 predatory	 strike.	 This	 circuitry	 seems	 however	 extremely	 simplistic	
compared	 to	 the	 complex	 behaviours	 recorded	 in	 praying	 mantids	 (Cleal	 and	
Prete,	1996;	Cleal	and	Prete,	1996;	Rossoni	and	Niven,	2020),	suggesting	that	there	





can	 be	 as	 complex	 as	 the	 ones	 of	 vertebrates	 (Land,	 1999).	 During	 saccadic	
movements,	 insects	alternate	periods	of	stable	eye	positions,	called	fixations,	 to	







The	 opposite	 gaze	 shift	 strategy	 is	 called	 smooth	 visual	 tracking.	 During	 a	
smooth	tracking	sequence,	an	animal	moves	its	eyes	to	follow	a	moving	target	so	
that	 it	 occupies	 the	 same	 position	 on	 the	 retina.	 During	 an	 attack,	 dragonflies	
rotate	their	heads	to	compensate	for	body	movement	and	also	target	movement,	
so	 to	minimise	the	retinal	slip	of	 the	target	(Mischiati	et	al.,	2015;	Olberg	et	al.,	
2007).	 Similarly,	 praying	mantids	 have	 been	 shown	 to	 smoothly	 track	 a	 target	




The	 manipulation	 of	 gaze	 with	 the	 intent	 of	 extracting	 more	 accurate	
information	 from	 the	 visual	 environment	 is	 called	 active	 vision.	 A	 concept	
originally	introduced	for	artificial	systems	(Aloimonos	et	al.,	1988),	active	vision	
has	been	used	to	describe	eye	movement	strategies	of	both	vertebrates	(Choi	and	
Henderson,	 2015;	 Dawkins	 and	 Woodington,	 2000;	 Mazer	 and	 Gallant,	 2003;	
Mitchell	et	al.,	2014)	and	invertebrates	(Buatois	et	al.,	2018;	Cellini	and	Mongeau,	
2020;	 Egelhaaf	 et	 al.,	 2009;	 Lehrer	 and	 Srinivasan,	 1994).	 In	 contrast	 to	 active	
sensing	with	sound	(e.g.	bats)	or	electricity	(e.g.	electric	fish),	active	vision	does	
not	require	signal	emission	by	the	sensing	animal.	Active	vision	can	substantially	
boost	 an	 animal's	 visual	 abilities;	 animals	 with	 extremely	 narrow	 retinae	 can	







As	 already	 mentioned,	 a	 major	 visual	 challenge	 of	 predatory	 animals	 is	 to	
extract	 three-dimensional	 information	 about	 the	 visual	 environment	 from	 two-
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dimensional	retinae.	Simply	put,	in	a	two-dimensional	image	a	small	target	at	close	
distance	 might	 look	 the	 same	 as	 a	 large	 target	 farther	 away.	 Praying	 mantids	
(Rossel,	 1983)	 have	 evolved	 the	 ability	 to	 do	 so	 by	 triangulating	 the	 target's	
position	 from	 its	 retinal	 coordinates	 on	 the	 two	 eyes,	 an	 ability	 known	 as	
stereopsis.	 Without	 using	 stereopsis,	 active	 predators	 can	 select	 for	 targets	 of	
matched	 angular	 size	 and	 speed,	 which	 usually	 leads	 them	 to	 chase	 targets	 of	
suitable	absolute	size	(Lin	and	Leonardo,	2017;	Wardill	et	al.,	2015).	Although	both	
of	 these	 tactic	 can	 benefit	 from	 active	 vision	 (Levín	 and	 Maldonado,	 1970;	
Mischiati	et	al.,	2015;	Olberg	et	al.,	2007;	Rossel,	1980),	neither	of	them	is	a	product	
of	active	vision.	
There	 are,	 however,	 animals	 who	 can	 use	 active	 vision	 to	 gather	 three-
dimensional	information.	An	animal's	movement	causes	a	shift	of	its	visual	scene,	
which	is	known	as	optic	flow	(Gibson,	1950).	While	during	rotational	movements	













Overall,	 active	 vision	 is	 an	 effective	 way	 to	 compensate	 for	 suboptimal	 eye	
morphology.	In	predation,	active	vision	has	been	identified	mainly	in	the	form	of	
scanning,	smooth	visual	tracking,	and	saccadic	tracking.	Even	these	forms	of	active	




The	 range	 of	 possible	 ways	 in	 which	 active	 vision	 affects	 the	 behaviour	 of	
predatory	animals	has	been	understudied.	Insects	offer	a	suitable	model	for	this	
investigation	by	combining	convenient	experimental	conditions	with	an	extensive	
literature	 on	 their	 vision	 and	 predatory	 strategies.	 The	 aim	 of	 this	 thesis	 is	 to	
investigate	the	role	of	active	vision	in	predation	using	predatory	insects,	with	an	
approach	 based	 on	 sensory	 ecology,	 neuroethology	 and	 biomechanics.	 Visual	
strategies	 of	 both	 active	 and	 sit-and-wait	 predators	 will	 be	 considered	 with	 a	
comparative	approach.	
Chapter	2	will	consider	the	praying	mantid,	a	relatively	well-studied	ambush	
predator	 with	 foveated,	 high-resolution	 compound	 eyes.	 The	 visual	 tracking	









which	 poses	 many	 challenges	 to	 their	 visual	 ability.	 Our	 behavioural	 analysis	
shows	 that	 darting	 robber	 flies	 use	 absolute	 prey	 size	when	 attacking,	 yet	 the	
reduced	 size	 of	 their	 eyes	 severely	 affects	 their	 ability	 to	 use	 stereopsis.	 We	










information	 about	 their	 prey,	 seemingly	 using	 a	 simple	 interception	 strategy	
during	their	attacks.	During	downward	dives,	the	effectiveness	of	this	interception	
strategy	 is	 impaired	 by	 the	 force	 of	 gravity,	 which	 adds	 to	 active	 acceleration	
during	 downwards	 attacks.	 Rather	 than	 correcting	 their	 interception	 path	 to	
improve	efficiency,	killer	flies	conduct	high-acceleration	attacks.	We	suggest	this	
might	trigger	avoidance	manoeuvres	in	the	prey,	therefore	forced	to	slow	down.	












their	 capacity	 to	 capture	 prey	 or	 find	 a	mate.	 Prey	 is	 not	 only	 erratic,	 but	 also	
actively	 evasive	 (Domenici	 et	 al.,	 2011).	 Improving	 visual	 resolution	 increases	




eye	movements	 allow	 these	 animals	 to	 scan	 the	 visual	 scene	with	 their	 foveas	
(Land,	1999;	Land,	2019),	but	the	role	of	eye	movements	in	ecological	contexts	has	
been	overlooked	(Billington	et	al.,	2020).	
In	 insects,	 local	 regions	 of	 increased	 resolution	 can	 be	 evaluated	 relatively	
easily	 from	 external	 eye	 morphology	 (Perl	 and	 Niven,	 2016;	 Perl	 et	 al.,	 2017;	
Stevenson	 et	 al.,	 1995).	 The	 presence	 of	 an	 acute	 zone	 in	 the	 eyes	 of	 insect	
predators	 (Barros-Pita	 and	 Maldonado,	 1970;	 Gonzalez-Bellido	 et	 al.,	 2011;	
Horridge,	1978;	Laughlin	and	McGinness,	1978;	Rossel,	1979;	Sherk,	1978;	Wardill	
et	al.,	2017)	has	been	documented	extensively.	Evidence	of	how	their	foveas	are	










Although	praying	mantids	 can	 stalk	prey	when	hungry	 (Bertsch	et	 al.,	 2019;	
Holling,	1966;	Milledge,	1990),	they	primarily	capture	prey	by	ambushing	it	with	





to	 support	 active	vision.	 In	 fact,	mantids	 can	visually	 track	prey	moving	 slowly	
against	a	uniform	background	by	smooth	tracking	(Rossel,	1980).	When	the	speed	
increases,	 their	head	movements	 lag	behind	prey,	which	 they	 correct	with	 fast,	






success,	 and	 abandonment	 of	 the	 raptorial	 strike	 of	 the	 praying	 mantid.	 We	
manipulated	 the	animals'	head	orientation	before	 the	 strike	and	monitored	 the	
movements	of	the	head	before	and	during	the	strike.	We	show	that	the	mantid's	
sex,	its	head	orientation,	the	speed	of	prey,	and	the	number	of	prey	presentations	














the	 experimentation	 period,	 the	 12	 mantids	 (males	 =	 5,	 females	 =	 7)	 were	
individually	tracked.	To	account	for	a	range	of	motivational	states	in	relation	to	





arena,	 illuminated	 from	 overhead.	 Mantids	 were	 presented	 with	 a	 manually	
operated	4	mm	wide,	 black	 faceted	bead	 (target)	 to	 assess	 their	willingness	 to	
hunt.	Visual	tracking	of	prey,	stalking,	and	attempting	to	attack	prey	were	all	taken	












mantids	 have	 been	 shown	 to	 be	 responsive	 to	 target	 speeds	 above	 500	mm/s	
(Rossoni	and	Niven,	2020).	
Praying	 mantids	 were	 presented	 the	 same	 stimulus	 over	 several	 trials,	
interspersed	 by	 brief	 pauses	 up	 to	 2	 minutes,	 until	 they	 completed	 a	 strike.	
Between	stimulations,	 the	manually	moved	 target	was	presented	 to	check	 their	
willingness	 to	 continue	 hunting;	 mantids	 tracking	 the	 target	 with	 their	 head	
and/or	attempting	to	walk	towards	it	were	considered	as	still	willing	to	hunt.	For	














mm	 (outer	mirrors,	 H	 x	W)	 and	 75	 x	 50	 (inner	mirrors).	We	 compared	 back-
surfaced	mirrors	on	acrylic	 to	 front-surfaced	mirrors	on	glass	 (Edmund	Optics,	








Figure	 2.1.	 The	 experimental	 configuration	 for	 recording	 the	 strikes	 of	 praying	
mantids	 in	 stereo.	A)	 Top	 view	 of	 the	 experimental	 setup	 showing:	 a,	 the	 recording	







were	 scored.	 Mantids	 were	 given	 a	 binary	 score	 for	 head	 movement	
(present/absent)	and	strike	initiation	(attempted/not	attempted).	Tarsal	flexion,	
tibial	 extension,	 and	 femoral	 depression	 were	 all	 considered	 attempted	 strike	
initiations.	For	each	head	movement	recorded,	whether	the	movement	happened	




As	 the	 target	 entered	 and	 exited	 the	 arena	 during	 a	 presentation,	 it	made	 a	





marked	 using	DeepLabCut,	 version	 2.1	 (Mathis	 et	 al.,	 2018)	 running	 in	 Python	
(version	3.8.5).	We	used	the	marked	frames	to	train	a	DeepLabCut	deep	learning	
algorithm	for	650,000	iterations.	After	visual	evaluation	of	the	trained	network,	it	
was	 used	 by	 a	 pose	 estimator	 algorithm	 (Karashchuk	 et	 al.,	 2020)	 that	 also	
obtained	 triangulation	 matrices	 from	 calibrations,	 and	 then	 used	 for	 three-
dimensional	reconstruction.	The	distances	between	the	eyes	were	fixed	during	the	
reconstruction	to	represent	a	fixed	distance	on	the	animal.	
The	 reconstructed	 3D	 coordinates	 of	 the	marked	 body	 parts	 were	 analysed	
using	 MATLAB	 R2020a	 (version	 9.8).	 We	 considered	 the	 three-dimensional	
coordinates	of	the	target	when	visible	from	both	cameras.	A	straight	line	was	fitted	
to	the	target	trajectory	using	the	method	of	 least	squares.	Because	targets	were	
travelling	 at	 constant	 speed,	 we	 used	 the	 average	 triangulated	 speed	 to	
reconstruct	the	entire	target	motion	from	its	entry	into	the	arena.	We	then	used	




because	 it	 could	 easily	 be	 measured	 manually	 and	 incorporated	 both	 spatial	
accuracy	 and	 temporal	 precision.	 Target	 velocities	 calculated	 via	 stereo	















the	 mixed-effects	 models,	 which	 in	 R	 studio	 defaults	 to	 a	 logit	 link	 function.	
Continuous	predictors	were	scaled	to	standard	deviation	(SD)	=	1	and	centred	on	
mean	 (m)	 =	 0.	 Raw	 data	 was	 used	 during	 statistical	 testing,	 but	 some	 figures	
present	 data	 smoothed	with	 a	 Savitzky-Golay	 filter	 (Savitzky	 and	Golay,	 1964).	
Model	selection	was	performed	by	stepwise	removal	of	non-significant	(p	<	0.05)	
fixed	 effects,	 from	 least	 significant	 to	 least	 non-significant.	 Random	 predictors	
were	 then	 added	 in	 a	 stepwise	 fashion	 and	 discarded	 if	 non-significant.	 The	







artificial	 prey	 item	 (hereafter	 referred	 to	 as	 the	 target;	n	 =	230	presentations).	





the	 factors	 influencing	 strike	 initiation,	 we	 implemented	 a	 generalised	 linear	
mixed-effects	model	 (see	Materials	 and	Methods)	 and	 simplified	 it	 stepwise	by	
removing	effects	from	least	significant	to	least	non-significant	(Table	2.1).	Sex	had	
a	 significant	 effect	 on	 strike	 initiation,	with	males	 initiating	 fewer	 strikes	 than	
females	(Fig.	2.2A).	Strike	initiation	also	decreased	with	increasing	target	speed	
(Fig.	2.2B),	although	the	second-slowest	speed	 led	 to	strike	 initiations	at	every	
presentation.	Higher	head	orientation	 angles	 also	decreased	 the	 likelihood	of	 a	
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strike	initiation,	although	orientations	of	90°	and	0°	elicited	a	similar	proportion	
of	 strikes	 (Fig.	 2.2C).	 Finally,	 mantids	 were	 more	 likely	 to	 initiate	 a	 strike	 in	




each	 presentation.	 There	 was	 no	 significant	 change	 in	 the	 likelihood	 of	 strike	
initiation	between	trials.	The	distance	between	mantid	and	target	trajectory	also	



























in	 bold	 represent	 the	 most	 parsimonious	 model	 with	 only	 significant	 effects.	 Mantid	
identity	 was	 included	 as	 a	 random	 effect,	 with	 rows	 in	 italics	 indicating	 inclusion	 as	
random	coefficients.	Significance	values:	*	=	p	<	0.05,	**	=	p	<	0.01	***	=	p	<	0.001.	
Outcome	variable	 Predictors	 p	value	 Estimate	 S.E.	
Strike	initiation	
Presence	of	head	movement	
prior	to	strike	 0.599	 	 	
Target	trajectory	distance	 0.806	 	 	
Time	of	the	day	 0.737	 	 	
Temperature	 0.882	 	 	
Trial	number	 0.187	 	 	
Humidity	 0.262	 	 	
Weight	 0.973	 	 	
Head	width	 0.459	 	 	
Intercept	 0.006**	 1.186	 0.430	
Sex	(male)	 <0.001***	 -2.348	 0.706	
Target	speed	 <0.001***	 -1.712	 0.357	
Initial	head	orientation	 <0.001***	 -1.183	 0.294	




orientation,	 and	presentation	number.	 A)	Differences	 in	 the	 proportion	 of	 initiated	
strikes	in	male	and	female	mantids.	B)	Strike	initiation	frequency	varies	with	target	speed.	
C)	Difference	 in	strike	 initiation	depends	on	head	orientation.	D)	Percentage	of	 strikes	
initiated	depends	on	presentation	number	(data	smoothed	using	a	Savitzky-Golay	filter).	















































Table	 2.2.	 Simplification	 of	 generalised	 linear	 models	 shows	 that	 target	 speed	




Outcome	variable	 Predictors	 p	value	 Estimate	 S.E.	
Strike	completion	
Presentation	number	 0.760	 	 	
Trial	number	 0.760	 	 	
Time	of	the	day	 0.530	 	 	
Initial	head	orientation	 0.463	 	 	
Temperature	 0.406	 	 	
Humidity	 0.256	 	 	
Target	trajectory	distance	 0.185	 	 	
Presence	of	head	movement	
prior	to	strike	 0.078	 	 	
Sex	 0.273	 	 	
Weight	 0.169	 	 	
Head	width	 0.159	 	 	
Intercept	 <0.001***	 -0.909	 0.217	





















Table	 2.3.	 Simplification	 of	 generalised	 linear	 models	 shows	 that	 presentation	





Outcome	variables	 Predictors	 p	value	 Estimate	 S.E.	
Strike	success	
Humidity	 0.891	 	 	
Temperature	 0.843	 	 	
Target	trajectory	distance	 0.698	 	 	
Trial	number	 0.429	 	 	
Time	of	the	day	 0.241	 	 	
Sex	 0.187	 	 	
Intercept	 0.084	 -21.6	 12.5	




Initial	head	orientation	 <0.001***	 -30.3	 7.69	
Target	speed	 <0.001***	 -84.5	 18.4	
	
	
Figure	 2.4.	 Strike	 success	 is	 influenced	 by	 presentation	 number,	 timing	 of	 head	



























































move	 their	 head	 the	 higher	 their	 head	 orientation	 angle	 (Fig.	 2.5A).	 Head	
movements	were	more	likely	to	happen	at	higher	room	temperatures	(Fig.	2.5B)	
and	less	likely	to	happen	at	higher	prey	speeds	(Fig.	2.5C).	Humidity	and	time	of	








i.e.	 if	 they	 happened	 before	 or	 after	 strike	 initiation,	 using	 generalised	 linear	
mixed-effects	models	(Table	2.5).	Female	mantids	moved	their	heads	before	the	
strike	more	 frequently	 than	male	mantids	 (Fig.	2.6A).	Mantids	were	 also	more	
likely	to	move	their	heads	before	striking	as	temperatures	increased,	although	this	






likelihood	 did	 not	 vary	 with	 either	 trial	 number	 or	 presentation	 number.	 The	
chance	of	head	movements	prior	to	the	strike	was	also	unaffected	by	the	distance	
between	 the	 target	 trajectory	 and	 the	 mantid.	 The	 head	 widths	 of	 individual	






after	 strike	 initiation.	The	mantid's	 sex	was	 the	only	variable	with	a	 significant	
effect	on	whether	head	movements	happened	before	or	after	strike	initiation,	but	




Table	 2.4.	 Simplification	 of	 generalised	 linear	 models	 shows	 that	 initial	 head	
orientation,	 temperature,	 and	 target	 speed	 influence	 the	 presence	 of	 head	
movements.	Rows	in	bold	represent	the	most	parsimonious	model	with	only	significant	
effects.	Mantid	 identity	was	 included	as	a	random	effect,	with	rows	in	 italics	 indicating	
inclusion	as	random	coefficients.	Significance	values:	*	=	p	<	0.05,	**	=	p	<	0.01	***	=	p	<	
0.001.	
Outcome	variable	 Predictors	 p	value	 Estimate	 S.E.	
Presence	of	head	
movements	
Trial	number	 0.839	 	 	
Time	of	the	day	 0.520	 	 	
Humidity	 0.262	 	 	
Presentation	number	 0.518	 	 	
Target	trajectory	distance	 0.310	 	 	
Sex	 0.099	 	 	
Head	width	 0.839	 	 	
Weight	 0.821	 	 	
Intercept	 <0.001***	 -0.721	 0.196	
Initial	head	orientation	 0.048*	 -0.400	 0.202	
Temperature	 <0.001***	 0.725	 0.217	
Target	speed	 <0.001***	 -1.28	 0.194	
	
	
Figure	 2.5.	 The	 presence	 of	 a	 head	 movement	 is	 influenced	 by	 initial	 head	
orientation,	temperature,	and	target	speed.	A)	Presence	of	head	movements	depends	
on	initial	head	orientation.	B)	Temperature	influences	the	presence	of	head	movements.	
C)	 The	 presence	 of	 a	 head	 movements	 depends	 on	 target	 speed.	 In	 all	 panels,	 bars	







































































Time	of	the	day	 0.860	 	 	
Trial	number	 0.817	 	 	
Humidity	 0.539	 	 	
Presentation	number	 0.330	 	 	
Target	trajectory	distance	 0.131	 	 	
Head	width	 0.413	 	 	
Weight	 0.190	 	 	
Intercept	 0.142	 -0.621	 0.423	
Sex	(male)	 0.005**	 -2.26	 0.810	
Temperature	 0.003**	 1.18	 0.392	
Initial	head	orientation	 <0.001***	 1.36	 0.410	
Target	speed	 <0.001***	 -2.00	 0.469	
	
	
Figure	 2.6.	 The	 likelihood	 that	 head	 movements	 happened	 before	 a	 strike	 is	
influenced	by	mantid	sex,	temperature,	initial	head	orientation,	and	target	speed.	
A)	Differences	 in	head	movement	 timing	 in	male	and	 female	mantids.	B)	Temperature	
influences	 head	movement	 timing.	 C)	 Head	movement	 timing	 depends	 on	 initial	 head	
orientation.	 D)	 Head	 movement	 timing	 varies	 with	 target	 speed.	 In	 all	 panels,	 bars	










































































initiation,	 completion,	 and	 success	 of	 the	 strike,	 as	 well	 as	 head	 movements	
towards	 prey.	 The	 mantids'	 sex	 affected	 strike	 initiation	 and	 whether	 head	
movements	happened	before	or	after	strike	initiation.	Temperature	influenced	the	
presence	of	head	movements	and	whether	they	happened	before	or	after	initiating	
a	 strike,	 the	 latter	 variable	 in	 turn	 determining	 strike	 success.	 The	 distance	
between	mantid	and	target	trajectory,	the	mantid's	weight,	its	head	width,	and	the	
trial	 number	 had	 no	 effect	 on	 the	 variables	 considered	 of	 strikes	 and	 head	
movements.	
2.4.1. Experimental	considerations	





dimensional	 positions,	 using	 easy	 to	 obtain	 calibration	 videos.	 This	 double-
periscope	 arrangement	 can	 produce	 three-dimensional	 data	 using	 only	 one	










stimuli	 (Yamawaki,	 2000a).	By	 testing	mantids	with	naturalistic	 conditions,	we	
could	 evaluate	 environmental	 and	 internal	 factors	 affecting	 strike	 and	 head	
movements.	However,	a	full	picture	of	the	role	of	head	tracking	in	praying	mantids	





of	 the	 strike	of	praying	mantids	 (Rossoni	and	Niven,	2020),	here	we	show	 that	
slower	prey	speeds	are	more	 likely	 to	 trigger	head	movements,	and	these	head	











frequently	 in	response	to	 faster	prey	over	300	mm/s	(Prete	et	al.,	1993).	A	 few	
methodological	 differences	 exist	 with	 the	 experiments	 reporting	 preferential	
hunting	 of	 faster	 prey,	 including	 using	 a	 primarily	 looming	 stimulus	 and	 a	 flat	
target.	In	response	to	this	kind	of	prey,	mantids	were	indeed	more	likely	to	strike	
at	prey	of	higher	speed,	but	also	more	likely	to	stalk	prey	when	moving	slowly.	It	
is	 not	 however	 clear	 how	 the	 two	 behavioural	 responses	 could	 interact	 and	
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neuronal	 and	 synaptic	 conductances	 (Abrams	 and	 Pearson,	 1982;	 Alonso	 and	
Marder,	 2020;	 Burrows,	 1989;	 Heitler	 et	 al.,	 1977;	 Tang	 et	 al.,	 2010),	 further	
experimentation	is	needed	to	pinpoint	whether	the	effect	of	temperature	on	head	
movements	 is	mechanical,	 physiological,	 or	 behavioural.	 Temperature	does	not	





32°C).	 Extending	 this	 range	 might	 highlight	 temperature	 dependencies	 of	 the	
strike	missed	in	our	analysis.	
A	final	environmental	factor	considered	was	the	time	of	the	day,	which	had	no	










be	 restricted	within	 certain	 areas,	 as	 they	might	 be	 territorial	 or	 drawn	 to	 an	
attractive	 stimulus	 in	 that	 area.	On	 the	 other	 hand,	 the	 presence	 of	 a	 potential	
target	might	indicate	that	other,	similar	targets	could	be	in	the	area,	attracted	by	
the	 same	 feature.	The	 increased	 likelihood	of	praying	mantids	 to	 strike	at	prey	








the	 hunting	 behaviour	 of	 praying	 mantids	 in	 mixed	 ways.	 Increased	 satiation	









The	 sex	 of	mantids	 affected	 the	 likelihood	 to	 initiate	 a	 strike.	 Just	 like	most	
insects,	male	mantids	 are	 smaller	 than	 females	 and	 famously	 subject	 to	 sexual	
cannibalism	 (Birkhead	 et	 al.,	 1988;	 Kynaston	 et	 al.,	 1994;	 Lawrence,	 1992).	 By	
striking	less,	male	mantids	might	reduce	the	chance	of	catching	the	attention	of	
predators,	including	female	conspecifics.	Females	mantids	are	known	to	predate	
more	 aggressively	 than	males,	 especially	 in	 cannibalistic	 species	 (Fisher	 et	 al.,	
2020).	Females	produce	more	costly	gametes	 than	males,	which	easily	explains	
their	increased	likelihood	to	strike.	Increased	energetic	demands	of	females	has	
resulted	 in	 some	 insects	 in	 males	 providing	 nourishment	 to	 females	 prior	 to	
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mating	(Gwynne,	2008).	Males	were	also	less	likely	to	move	their	heads	prior	to	a	
strike	 than	 females.	 This	 could	 again	 be	 due	 to	 the	 male	 tendency	 to	 reduce	
movements,	or	to	inferior	visual	abilities	determined	by	their	smaller	size.	Head	





play	 in	 the	 strike.	 Mantids	 can	 correct	 visual	 tracking	 of	 prey	 on	 a	 uniform	
background	 by	 performing	 fast	 saccades	 in	 between	 smooth	 tracking	 (Rossel,	
1980),	 however,	 they	 produce	 head	 rotations	 up	 to	 400	 °/s	 (Lea	 and	Mueller,	
1977).	In	this	chapter,	we	tested	their	response	to	prey	speed	of	angular	velocity	
up	 to	 approximately	 1900	 °/s,	 which	 they	 still	 tried	 to	 strike.	 Head	 rotations	
cannot	match	 target	 rotation	 at	 these	 speeds.	 In	 fact,	 head	 rotations	were	 less	
likely	 to	 happen,	 and	 tended	 to	 happen	 after	 rather	 than	 before	 a	 strike,	 in	




this	 ratio	 to	 estimate	prey	 absolute	 size	 at	 high	prey	 speeds,	 as	 found	 in	 other	
insect	predators	(Lin	and	Leonardo,	2017;	Wardill	et	al.,	2015),	remains	an	open	
question. Even	 if	 this	 was	 the	 case,	 successful	 strikes	 heavily	 relied	 on	 head	






















Figure	 2.S1.	 Target	 velocity	 calculated	 via	 stereo-view	 triangulation,	 plotted	 against	
manually	measured	target	velocity.	
	 	





























































A	 predator's	 success	 is	 often	 dependent	 on	 its	 ability	 to	 estimate	 the	 size	 of	
potential	prey	and	its	distance	from	it.	This	is	particularly	important	for	ambush	
predators,	who	rely	on	a	surprise	element	and	usually	predate	upon	still	prey	in	
close	 proximity.	 To	 obtain	 such	 information,	 many	 ambush	 predators	 use	 the	
binocularity	 afforded	 by	 the	 overlapping	 fields	 of	 view	 of	 their	 frontal	 eyes	
(Cartmill,	1974;	Nityananda	and	Read,	2017),	an	ability	called	stereopsis.	Because	
stereopsis	 relies	 on	 the	 visual	 disparity	 between	 the	 two	 eyes,	 the	 higher	 the	




stereopsis	 (Nityananda	 et	 al.,	 2016a;	 Rossel,	 1983)	 and	 damselflies	 rely	 on	
binocular	 vision	 (Horridge,	 1978;	 Supple	 et	 al.,	 2020)	when	 assessing	 prey.	 By	
contrast,	predators	that	chase	moving	prey	can	use	their	prey's	movement	to	infer	
its	 size.	Closer	prey	will	 look	bigger,	 subtending	a	 larger	 size	on	 the	predator’s	
retina,	and	appear	to	move	faster,	moving	at	a	higher	angular	velocity	across	the	
predator’s	retina,	than	prey	far	away.	Indeed,	the	correlation	between	the	prey's	
angular	 size	 to	 its	 angular	 velocity	 predicts	 the	 likelihood	 of	 an	 attack	 in	
dragonflies	(Lin	and	Leonardo,	2017)	and	killer	flies	(Wardill	et	al.,	2015).	
Another	way	 to	 obtain	 3D	 information	 is	 for	 an	 animal	 to	 correlate	 its	 own	




distant	 objects.	 Animals	 can	 exploit	 this	 principle	 by	 performing	 translational	
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movements	with	the	only	intent	of	generating	optic	flow	for	3D	calculations.	By	
correlating	 the	 apparent	 movement,	 or	 velocity,	 of	 a	 nearby	 object	 to	 the	
movement,	or	velocity,	of	 their	own	head,	animals	can	compute	3D	 information	
(Kral,	2003),	which	 is	known	as	motion	parallax.	The	use	of	motion	parallax	 to	
calculate	 distance	 is	 very	 widespread	 in	 the	 animal	 kingdom,	 from	 humans	 to	




(Collett,	 1978;	 Wallace,	 1959),	 mantids	 (Poteser	 and	 Kral,	 1995)	 and	 crickets	
(Goulet	et	al.,	1981)	perform	side-to-side	movements	called	peering.	The	angular	




assess	 the	width	 of	 a	 gap	 before	 going	 through	 it	 (Ravi	 et	 al.,	 2019),	 to	 select	
flowers,	and	use	 landmarks	 to	navigate	 (Lehrer	and	Collett,	1994;	Lehrer	et	al.,	
1988;	Srinivasan	et	al.,	1989;	Zeil,	1993),	while	 flies	can	use	motion	parallax	 to	
adjust	their	flight	(Ruiz	and	Theobald,	2020).	Motion	parallax	can	be	effective	over	
longer	 distances	 than	 stereopsis	 (Poteser	 and	 Kral,	 1995),	 it	 has	 a	 similar	
sensitivity	threshold	(Rogers	and	Graham,	1982),	and	could	be	as	effective	against	
prey	camouflage	(Galloway	et	al.,	2020).	However,	to	our	knowledge,	no	case	has	
been	documented	of	 predators	 using	motion	parallax	 to	 assess	prey.	A	notable	
exception	are	anecdotal	reports	of	praying	mantids	performing	small-amplitude	
peering	 movements	 in	 response	 to	 some	 prey	 stimuli	 (Yamawaki,	 2000b;	
Yamawaki,	 2003),	 though	 this	 behaviour	 does	 not	 seem	 to	 be	 used	 for	 range	
estimation	 and	 therefore	 lacks	 a	 clear	 function.	 This	 is	 likely	 because	 the	
movements	 required	 for	 motion	 parallax	 might	 give	 away	 the	 presence	 of	 a	
predator,	allowing	the	prey	to	escape.	
Gleaning	is	a	predatory	strategy	which	involves	plucking	prey	from	a	substrate.	
Although	 the	 term	 is	 mainly	 used	 for	 birds,	 some	 insects,	 like	 the	 damselfly	







they	 attack	 a	 variety	 of	 static	 prey	 (Martin,	 1968;	Newkirk,	 1963).	 Despite	 the	
striking	 similarity	 in	 body	morphology	 between	 darting	 robber	 flies	 and	 other	
gleaners	(Fig.	3.1A-B),	their	eyes	are	very	unique.	Darting	robber	flies	have	eyes	








attacks	 of	 darting	 robber	 flies	 were	 compared	 to	 the	 attacks	 of	 damselflies,	
showing	 more	 lateral	 movement	 whilst	 the	 prey	 was	 assessed.	 We	 show	 that	
darting	robber	flies	use	prey	size,	not	their	angular	size,	to	determine	the	distance	
at	 which	 to	 attack	 prey,	 attacking	 from	 further	 away	 and	 moving	 more	 when	
attacking	 larger	prey.	We	show	 that	prey	 is	outside	 the	 stereopsis	 range	of	 the	





















nymph	 from.	 Nymphs	 were	 kept	 in	 pond	 water	 and	 fed	 live	 blackworms	
(Lumbriculus	variegatus)	until	their	final	moult.	Adult	damselflies,	both	males	and	







camera	without	affecting	ambient	 light.	 In	these	conditions,	darting	robber	 flies	
were	recorded	responding	 to	 two	 types	of	 stimuli.	To	 test	 responses	 to	natural	
prey,	 live	 fruit	 flies	 of	 different	 species	 and	 sizes	 (Drosophila	 melanogaster,	
Drosophila	 affinis,	 or	 Drosophila	 virilis)	 were	 released	 in	 the	 arena.	 To	 test	
responses	to	artificial	prey,	we	placed	a	display	outside	the	transparent	wall	of	the	
arena.	The	display	(Apple	Inc.,	Cupertino,	CA,	U.S.A.)	had	dimensions	180	x	288	
mm	 (1600	 x	 2560	 px)	 and	 a	 refresh	 rate	 of	 60	Hz.	 The	 stimuli	were	manually	





room	 lights	 directly	 above.	 The	 damselflies	 hunted	 live	 fruit	 flies	 (Drosophila	
melanogaster)	present	in	the	arena.	
3.2.3. Videography	and	digitisation	
We	 recorded	 videos	with	 a	 resolution	 of	 2048	 x	 2048	 pixels	 at	 a	 rate	 of	 1000	
frames	 per	 second	 using	 two	 time-synced	 SA2	 or	 WX100	 Photron	 cameras	
(Photron	Ltd.,	Tokyo,	Japan).	The	system	was	calibrated	using	an	altered	version	
of	 the	 J.Y.	 Boguet's	 Laboratory's	 MATLAB	 toolbox	 (Caltech,	
http://www.vision.caltech.edu/bouguetj/calib_doc/),	 running	 on	 MATLAB	
R2014a	(version	8.3,	MathWorks	Inc.,	Natick,	MA,	U.S.A.).	
The	movements	 of	 the	 thorax	 and	 abdomen	 of	 the	 darting	 robber	 flies	 and	













All	kinematic	analysis	was	 run	offline	on	 smoothed	 trajectories,	using	MATLAB	
2019b	(version	9.7).	The	flights	were	trimmed	so	that	they	started	when	the	body	










t	 =	 0,	 the	 time	 point	 determining	 the	 end	 of	 the	 assessment	 phase	 and	 the	
beginning	of	the	attack	phase	(Fig.	3.2B).	
The	straightness	 index	of	a	phase	was	calculated	as	 the	ratio	between	a)	 the	
distance	between	the	beginning	and	the	end	of	the	phase,	and	b)	the	path	length	
travelled	 between	 the	 two	 timepoints	 (Benhamou,	 2004).	 To	 calculate	 the	
movement	range	of	the	assessments,	we	first	calculated	the	central	position	of	the	























Meinertzhagen	 and	 O’Neil,	 1991).	 Briefly,	 heads	 were	 fixed	 in	 a	 modified	









resin	 left	 at	 60°C	 overnight.	 We	 sectioned	 the	 embedded	 heads	 using	 cross-






Visual	 acuity	 parameter	 estimation	 of	 the	 darting	 robber	 flies	 was	 based	 on	
previous	 literature	on	fruit	 flies	and	robber	flies	(Stavenga,	2003;	Wardill	et	al.,	

















	 &, = ,*-).&/*	 Equation	3.2	
with	an	image	space	refractive	index	(nimage)	equal	to	1.34	(Seitz,	1968).	The	object-
space	focal	length	(f)	was	similarly	calculated	as:	
	 & = ,)*+/*	 Equation	3.3	
Using	the	object-space	focal	length	(Eq.	3.3),	we	calculated	the	lens's	F-number:	
	 ) = &/(%&'(	 Equation	3.4	
where	dlens	is	the	lens	diameter	extracted	from	the	two-photon	stack.	










the	 proximal	 surface	 of	 the	 lens,	 which	 is	where	 rhabdomere	 tips	 ought	 to	 be	
located	(xrh):	
	 $+" =	&, − (2%&'( − 0′)	 Equation	3.6	
We	compared	this	measure	to	the	actual	position	of	the	rhabdomere	tip,	measured	
using	the	two-photon	scans,	to	validate	our	approximations.	






	 Δ' = (!"#$#/&	 Equation	3.7	
Then,	we	used	the	coordinates	of	the	centroids	of	the	fitted	ellipse	to	calculate	the	
average	distance	between	photoreceptors	R7	and	all	surrounding	photoreceptors	
(xphoto),	 excluding	 photoreceptor	 R3	 as	 the	 corresponding	 rhabdomere	 is	 not	
neighbouring	 (Stavenga,	 1975).	 We	 used	 these	 measures	 to	 estimate	 the	













are	 used	 as	 descriptive	 statistics,	 unless	 data	 is	 not	 normal,	 in	which	 case	 the	
median	 and	 interquartile	 range	 (med,	 IQR)	 are	 used	 instead.	 The	 interquartile	
range	 was	 calculated	 using	 the	 basic	 package.	 Means,	 medians	 and	 standard	
deviations	 were	 calculated	 using	 the	 pastecs	 package,	 as	 was	 data	 normality	













polynomial,	 in	 the	 stats	 package.	 If	 data	 was	 not	 normally	 distributed	 or	 the	
variance	was	heterogeneous,	we	used	a	Kruskal-Wallis	test	in	the	stats	package.	To	
test	 for	 linear	 trends	 in	ordinal	data,	we	used	a	 Jonckheere-Terpstra	 test	 in	 the	
DescTools	 package.	 Correlations	 between	 normally	 distributed	 variables	 were	






Both	 darting	 robber	 flies	 (P.	 annulatus,	 n	 =	 16	 flights)	 and	 fragile	 forktail	











assessment,	 both	 species	maintained	 a	 lower	 velocity,	with	 their	 body	 oriented	
towards	 their	 prey.	 In	 the	 second	 phase,	 which	 we	 called	 the	 attack,	 the	 flies	
rapidly	accelerated	towards	the	target,	capturing	it	with	their	legs	and	pulling	it	
away	for	consumption	(Movies	3.M1,	3.M2).		
Although	 the	 overall	 structure	 of	 the	 predatory	 behavioural	 sequence	 was	







flight	 path	 during	 the	 assessment	 phase	 appeared	more	 convoluted	 in	 darting	
robber	 flies	 than	 in	damselflies.	To	quantify	 this,	we	calculated	the	straightness	
index	for	both	predators;	straightness	values	closer	to	0	indicated	more	tortuous	




flies	 were	 seen	 assessing	 targets	 such	 as	 conspecifics	 and	 flat	 pieces	 of	 paper	
without	launching	an	attack	towards	them	(Fig.	3.S3,	Movie	3.M3).	This	suggests	
that	the	darting	robber	flies'	convoluted	assessments	may	play	an	active	role	in	
evaluating	possible	 targets.	 In	contrast	 to	 the	assessment,	 the	attack	phase	was	
very	 similar	 between	 robber	 flies	 and	 damselflies.	 There	 were	 no	 significant	
differences	 for	 i)	 the	distance	 from	the	prey	at	which	the	predator	 initiated	the	
attack	(robber	flies:	med	=	39.2	mm,	IQR	=	30	and	damselflies:	med	=	35.6	mm,	IQR	










Our	 results	 indicate	 that	 darting	 robber	 flies	 and	 fragile	 forktail	 damselflies	
have	key	differences	in	prey	assessment	strategies.	Robber	flies	assessed	prey	by	
performing	 higher-tortuosity,	 lower-velocity	 manoeuvres	 than	 damselflies.	 In	




















frames	 within	 the	 assessment	 and	 one	 for	 frames	 within	 the	 attack.	 E)	 A	 digitised	
trajectory	of	a	fragile	forktail	damselfly	hunting	a	static	fruit	fly.	Plot	details	are	as	in	panel	
C.	F)	Top	views	of	darting	robber	flies	(n	=	16,	trajectories	in	red)	attacking	a	static	fruit	





dimensional	 (Fig.	 3.2C-E),	 so	 that	 the	 body	 of	 the	 animal	 appears	 to	 translate	
around	 an	 imaginary	 centre	 point,	 without	 changing	 its	 body	 orientation	 (Fig.	
3.S1).	Darting	 robber	 flies	might	bob	during	prey	assessment	because	 they	are	
incapable	of	a	more	stable	flight.	However,	when	freely	flying	in	the	arena,	robber	
flies	 showed	 good	 flight	 control	 skills,	 sometimes	 hovering	 in	 place	 (Fig.	 3.S4)	
(Newkirk,	1963).	We	recorded	these	instances	of	hover	flights	(n	=	10	flights)	and	






assessment	 flights	were	 trimmed	to	 the	mean	duration	of	hovering	 flights	 (392	
ms).	The	392	ms	window	for	each	assessment	trajectory	was	taken	so	that	the	time	
point	of	minimal	velocity	was	as	close	to	the	midpoint	as	possible,	while	still	having	
392	 ms	 of	 duration.	 We	 then	 calculated	 the	 movement	 range	 as	 the	 standard	














the	 background	 through	 figure	 relief	 transformation	 (Galloway	 et	 al.,	 2020;	
















textured	 backgrounds	 on	 a	 computer	 screen.	 Motion	 parallax	 movements	
performed	 for	 targets	 on	 two-dimensional	 textured	 backgrounds	 result	 in	 a	
coherent	 movement	 between	 target	 and	 background,	 as	 they	 are	 on	 the	 same	
plane;	target	and	background	have	therefore	no	differential	motion.	We	tested	two	
backgrounds,	 one	 picturing	 foliage	 and	 one	 with	 netting.	 Darting	 robber	 flies	
attacked	images	of	fruit	flies	on	both	textured	backgrounds	(n	=	3	and	n	=	9	flights,	
Aerial	Predation	by	Motion	Parallax	in	an	Insect	68	
respectively,	Movie	 3.M4),	 suggesting	 that	 attacks	 do	 not	 rely	 on	 differential	
movement	information	between	a	target	and	its	substrate.	













10	 animals),	Drosophila	 affinis	with	 a	 body	 length	 of	 2.68	 ±	 0.09	mm	 (n	 =	 10	
animals)	 and	Drosophila	 virilis	 with	 a	 body	 length	 of	 3.57	 ±	 0.06	mm	 (n	 =	 10	
animals).	Notably,	the	attacks	to	capture	D.	melanogaster	(n	=	16	flights),	D.	affinis	
(n	=	9	flights)	and	D.	virilis	(n	=	7	flights)	were	launched	at	an	increasingly	greater	
distance	 from	 the	 target.	 Prey	 size	was	 positively	 correlated	with	 the	 distance	
between	predator	and	prey	at	the	start	of	the	attack.	(Jonckheere-Terpstra	test;	J	
=	 259,	p	 <	 0.001,	Fig.	3.3A).	A	 longer	 attack	 translates	 into	 additional	 time	 for	
acceleration.	Accordingly,	peak	velocities	were	significantly	higher	for	larger	prey	
(trend	 analysis	 contrasts;	 F(1,29)	 =	 0.186,	 p	 =	 0.003)	 and	 peak	 velocity	 was	
positively	correlated	with	distance	from	the	target	(Pearson's	correlation,	r	=	0.9,	
p	<	0.001).	To	achieve	this,	darting	robber	flies	could	start	attacking	at	a	distance	
where	 targets	 subtend	 a	 set	 angular	 size;	 the	 larger	 the	 target,	 the	 larger	 the	
distance	 and	 the	 higher	 the	 peak	 acceleration.	 However,	 when	 the	 attack	 was	






















longer	 and	more	 tortuous	 assessments	 (Jonckheere-Terpstra	 test;	 J	 =	 450,	 p	 <	
0.001,	Fig.	3.3B,	and	 J	=	223,	p	=	0.024,	Fig.	3.3C,	 respectively).	The	movement	















were	 performed	 with	 a	 larger	 movement	 range.	 After	 assessing	 prey,	 darting	







when	 the	 attack	 is	 launched,	 subtending	 different	 angular	 sizes.	 A)	 The	 darting	





















lens	 (Fig.	3.4B).	Lenses	were	curved	on	 the	outer	surface	and	 flat	on	 the	 inner	
surface.	We	fit	a	circle	to	the	outer	surface	of	each	lens	and	measured	its	radius.	
Using	this	radius	(med	=	41.2	µm,	IQR	=	3.79),	the	refractive	index	of	air	(1.00)	and	















the	distal	portion	of	 the	 fovea's	 rhabdoms	(Figs.	3.4C,	3.S5).	We	calculated	 the	

















mm,	Wilcoxon	 signed	 rank	 test,	W	 =	135,	p	 <	0.001),	 and	 the	minimal	distance	
between	predator	and	D.	melanogaster	during	the	assessment	(n	=	16	flights,	31.7	














taken	 from	 darting	 robber	 flies	 heads	 (upper	 part),	 and	 the	 subsequently	 calculated	
features	of	the	fly's	visual	system	(lower	part).	
3.4. Discussion	




the	 prey	 for	 capture,	 performing	 the	 attack.	 Despite	 attacks	 being	 very	 similar	
between	the	two	species,	darting	robber	flies	assess	their	prey	for	longer,	at	lower	
speed,	 and	with	more	 convoluted	 trajectories	 than	 damselflies.	 Darting	 robber	
flies	are	capable	of	flying	at	lower	speed	and	with	a	smaller	movement	range	when	
not	 hunting,	 compared	 to	 when	 they	 assess	 prey;	 the	 more	 convoluted	
assessments	 seem	 therefore	 to	 be	 actively	 performed.	 Moreover,	 the	 fact	 that	
robber	flies	and	damselflies	performed	so	similarly	during	attacks	suggests	that	




















of	 different	 lengths	 have	 the	 same	 angular	 size	 at	 the	 central	 point	 of	 the	
assessment.	This	suggests	that	darting	robber	flies	use	the	target's	angular	size	to	
determine	where	to	assess	prey,	but	use	its	absolute	size	to	determine	where	to	







2003).	We	calculated	 the	 focal	 lengths	of	 the	 largest	 rhabdomeres	on	each	eye,	
with	which	we	could	also	 found	 the	optimal	distance	between	 the	 lens	and	 the	
rhabdomere.	 The	 optimal	 distance	 was	 not	 significantly	 different	 than	 the	
measured	 distance	 between	 the	 lens	 and	 the	 rhabdomere,	 confirming	 our	
approximations	 were	 reliable.	 We	 used	 the	 focal	 lengths	 and	 rhabdomere	
distances	to	calculate	the	interommatidial	angles	(Wardill	et	al.,	2017).	Ideally,	we	
would	 have	 liked	 to	 confirm	 these	 results	 with	 more	 established	 pseudopupil	
measurements	(Horridge	and	Duelli,	1979),	but	the	dark	pigments	in	the	darting	
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robber	 fly's	 eyes	made	 it	 impossible.	 Nevertheless,	 the	 interommatidial	 angles	
found	in	the	acute	zone	of	this	miniature	ambush	predator	are	comparable	to	other	
formidable	 sit-and-wait	 predators	 like	 praying	 mantids	 (Horridge	 and	 Duelli,	
1979).	 This	 underlines	 that	 small	 predators	 can	 meet	 the	 visual	 challenges	 of	
larger	competitors,	as	found	in	other	robber	flies	(Wardill	et	al.,	2017).	We	used	
the	 interommatidial	angle	to	calculate	the	approximate	stereopsis	range	for	the	
darting	robber	 fly.	The	stereopsis	 range	was	much	smaller	 than	 the	distance	at	
which	the	darting	robber	fly	assesses	prey,	suggesting	that	these	animals	do	not	








they	 use	 the	 target's	 angular	 velocity,	 rather	 than	 its	 angular	 displacement,	 to	
calculate	its	size	(Kral,	1998;	Kral,	2003).	We	see	the	same	pattern	with	darting	
robber	 flies.	When	assessing	 larger	prey,	which	 is	 farther	 away,	 the	movement	





absolute	 motion	 parallax,	 calculating	 the	 absolute	 distance	 of	 one	 object,	 and	
relative	motion	parallax,	to	understand	how	objects	are	positioned	in	relation	to	
each	other.	It	is	not	clear	if	the	darting	robber	fly	can	use	relative	parallax	cues.	
Indeed,	when	presented	with	a	 two-dimensional	prey	 image	attached	 to	a	 two-





































gleaning	 static	 prey.	A)	 Sequential	 still	 frames	 at	 50	ms	 intervals	 showing	 a	 darting	































Measurement	 Test	 Statistic	 Significance	
Initial	distance	 Wilcoxon	rank	sum	test	 W	=	55	 p	=	0.610	
Assessment	duration	 Wilcoxon	rank	sum	test	 W	=	91	 p	=	0.106	
Assessment	





Attack	peak	speed	 Student's	T-test	 t(13)	=	0.293	 p	=	0.774	
Attack	peak	












Aerial	 predation	 is	 an	 intricate	 task,	 in	 which	 the	 predator’s	 interaction	 with	




et	 al.,	 2014;	 Rudebeck,	 1950;	 Tucker,	 1998;	 Tucker	 and	 Parrott,	 1970).	 The	






and	 Land,	 1978)	 and	 robber	 flies	 (Fabian	 et	 al.,	 2018;	Wardill	 et	 al.,	 2017)	 fly	
towards	 the	 future	 location	 of	 their	 prey,	 i.e.	 they	 employ	 interception.	 To	
intercept	their	target,	predatory	dipteran	flies	are	thought	to	use	a	strategy	called	




where	 the	 target	 is	 currently	perceived,	which	guarantees	a	 capture	only	 if	 the	
chaser	is	faster	than	its	prey.	This	strategy,	known	as	pursuit,	is	employed	by	tiger	





Of	 all	 the	 predatory	 insects	 studied	 thus	 far,	 none	 has	 been	 reported	 to	 attack	
downwards,	if	not	for	a	small	portion	of	the	chase.	
The	 fact	 that	 most	 predatory	 insects	 have	 not	 evolved	 to	 hunt	 downwards	
suggests	that	the	challenges	posed	on	their	visual	system	are	not	counterbalanced	




mass.	 Thus,	 the	 movement	 of	 a	 flying	 insect	 is	 influenced	 by	 both	 inertia	 and	
viscous	 drag,	 unlike	 the	 heavier	 vertebrates,	 whose	 movement	 is	 mainly	
dominated	 by	 inertia.	 Quantitatively,	 the	 ratio	 of	 inertial	 to	 viscous	 forces	 is	
represented	 by	 the	 Reynolds	 number.	 Flying	 insects	 operate	 at	 intermediate	
Reynolds	numbers	(1	to	103),	making	them	extremely	useful	investigative	tools	in	
biophysics	(Combes	et	al.,	2012;	Klotsa,	2019).	




with	 low	 visual	 acuity	 to	 contrast	 prey	 against	 the	 sky	 and	 attack	 upwards.	
However,	the	killer	fly	Coenosia	attenuata,	a	4-mm	long	dipteran	whose	retina	has	
a	relatively	poor	spatial	resolution	of	2.2°	(Gonzalez-Bellido	et	al.,	2011),	does	not	





wild,	 this	 behaviour	 provides	 a	 unique	 opportunity	 to	 investigate	 how	 aerial	
predators	at	intermediate	Reynolds	numbers	are	affected	by	gravity.	
When	 hunting	 prey	 flying	 across	 from	 them	 or	 above	 them,	 the	 killer	 flies'	
trajectories	are	well	explained	by	PN	(Fabian	et	al.,	2018).	However,	before	 the	












































before	 having	 both	 their	 wings	 clipped	 and	 photographed	 in	 pairs	 for	 area	
measurements.	 Before	 clipping,	 a	 female	 killer	 fly	 was	 photographed,	 with	 its	




synced	via	 the	 inbuilt	 shaft	encoders.	The	recording	 frame	rate	used	 to	digitise	
trajectories	was	1000	frames/second,	whilst	 the	 frame	rate	to	extract	wingbeat	
frequency	was	2500	frames/second.	The	system	was	calibrated	using	an	altered	
version	 (Wardill	 et	 al.,	2017)	of	 the	 J.Y.	Boguet's	Laboratory's	MATLAB	 toolbox	
(Caltech,	 http://www.vision.caltech.edu/bouguetj/calib_doc/),	 running	 on	
MATLAB	 R2014a	 (version	 8.3,	 MathWorks	 Inc.,	 Natick,	 MA,	 U.S.A.).	 The	
movements	 of	 the	 killer	 flies	 and	 target	 were	 digitised	 offline	 using	 custom	
MATLAB	 scripts	 for	 supervised	 automatic	 tracking	 (Wardill	 et	 al.,	 2017),	 and	
smoothed	through	a	fitting	algorithm	combining	trajectory	generation	using	linear	














offline	 using	MATLAB	R2018a	 (version	 9.4).	 First,	we	 quantified	 the	 trajectory	
angle	of	the	active	hunts.	To	calculate	this	angle,	we	took	the	initial	portion	of	the	
killer	 fly's	 trajectory,	 from	 take-off	 to	 the	 first	point	of	minimal	distance	 to	 the	
target's	trajectory.	The	killer	fly's	trajectory	was	fitted	with	a	line	using	the	method	
of	least	squares.	The	trajectories	were	then	projected	on	a	plane	orthogonal	to	the	
take-off	 surface	 and	 crossing	 the	 target	 trajectory.	 The	 trajectory	 angle	 was	
calculated	as	the	angle	between	the	fitted	line	and	an	axis	orthogonal	to	the	take-
off	 surface.	 Therefore,	 more	 horizontal	 dives	 were	 assigned	 higher	 angles	 and	
more	vertical	dives	were	assigned	lower	angles.	
For	each	recorded	 trajectory,	we	calculated	 the	 three-dimensional	vectors	of	
velocity	and	acceleration	as	the	first	and	second	derivative	of	object	position.	The	
acceleration	 of	 gravity	 (9.8	 m/s2)	 was	 then	 subtracted	 from	 the	 vertical	
component	 of	 the	 total	 acceleration.	 The	 remaining	 three-dimensional	
acceleration	was	multiplied	 by	 the	 average	 fly	mass,	 to	 obtain	 the	 flight	 force.	






Pind).	 To	 do	 this,	 we	 identified	 correlations	 in	 the	 literature	 (Lehmann	 and	









Also	 for	 comparison,	we	 approximated	 the	Reynolds	number	 (Re)	 for	diving	
killer	flies'	wings	(Ellington,	1984):	
	 @A = 	2BC ,Φ	 Equation	4.1	
where	S	is	the	mean	wing	surface	area,	υ	is	the	kinematic	viscosity	of	air	at	20°C	








used	to	calculate	 the	steering,	and	the	killer	 fly's	relative	 linear	acceleration,	so	
that	 both	 killer	 fly	 and	 simulation	 had	 identical	 speed.	 In	 this	 chapter,	 we	
compared	 the	 steering	 dictated	 by	 pursuit	 to	 the	 steering	 of	 proportional	
navigation.	We	excluded	models	that	require	absolute	target	size	and	speed	(Table	
4.S1),	because	killer	flies	do	not	appear	to	use	such	measures	(Wardill	et	al.,	2015).	
A	 pure	 pursuit	 system	minimises	 the	 error	 (E)	 between	 its	 heading	 and	 the	
virtual	line	connecting	it	to	its	target,	called	the	line-of-sight	(LOS).	The	controller	
thus	 induces	a	steering	 Ḟ	which	corrects	 this	error	E	by	an	 intrinsic	constant	k,	
according	to	formula:	







previous	 work	 on	 the	 killer	 fly	 (Fabian	 et	 al.,	 2018)	 and	 similar	 to	 the	 value	
measured	in	the	lesser	house	fly	(Land	and	Collett,	1974).	
Proportional	 navigation	 (PN)	 uses	 the	 rotation	 of	 the	 LOS	 to	 the	 target	 to	
proportionally	 rotate	 the	pursuer's	heading	 (Shneydor,	1998).	The	model	 takes	
the	form:	

















et	 al.,	 2018;	Mischiati	 et	 al.,	 2015).	We	 first	 calculated	 the	 vectorial	 difference	
between	 consecutive	LOS	 and	 then	 extracted	 the	 angle	between	 this	 difference	
vector	and	the	corresponding	LOS	(Fig.	4.S2).	The	angle	was	then	converted	to	a	
correlation	 value,	 ranging	 from	 1	 (no	 angle	 difference)	 to	 -1	 (180°	 angle	
difference).	 During	 interception,	 collision	 is	 guaranteed	 for	 vector	 range	
correlations	 of	 -1,	 which	 indicate	 that	 LOS	 are	 parallel	 and	 getting	 shorter;	
however,	values	below	0	can	still	lead	to	interception.	






to	 the	 simulated	 fly.	 Lateral	 acceleration	 (K%)$)	 was	 calculated	 in	 the	 manner	
below:	
	 LK$)'.L = K ∙ M	N 	 Equation	4.4	
	 K$)'. =	M	NLK$)'.L	 Equation	4.5	
	 K%)$ = K − K$)'.	 Equation	4.6	
where	 K	 is	 the	 fly	 acceleration,	 M	N 	 is	 the	 unit	 velocity	 vector	 and	 K$)'.	 is	 the	
tangential	 acceleration,	 i.e.	 the	 component	 of	 acceleration	 parallel	 to	 velocity.	
Lateral	 acceleration	 was	 used	 as	 it	 represents	 the	 closest	 approximation	 of	





Figure	 4.1.	 Axial	 comparison	 as	 a	 model	 selection	 criterion.	 Illustrations	 of	 (a)	
pursuit,	and	(b)	proportional	navigation	steering	toward	a	target.	(c)	The	axial	difference	
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then	 mapped	 across	 the	 2D	 take	 off	 plane	 over	 an	 area	 encompassing	 all	 the	
recorded	take	offs:	from	50	mm	behind	the	target	to	180	mm	ahead	and	up	to	110	
mm	on	either	side	of	it.	Simulations	were	halted	if	the	interceptor	came	within	half	
a	 body	 length	 (2	mm)	 of	 the	 target.	 This	 threshold	was	 arbitrarily	 chosen	 but	
reflects	when	the	 target	would	be	within	 the	grasp	of	 the	killer	 fly.	Simulations	
were	also	halted	if	the	killer	fly	height	dropped	80	mm	below	the	target,	reflecting	
real	flies	that	collided	with	the	floor	(Movie	4.M1).		
Simulation	 maps	 were	 conducted	 under	 different	 kinematic	 regimes.	 Three	
alternative	speed	profiles	were	applied	to	the	models,	reflecting	the	mean	speed	

















(predictor	 variable)	 could	 explain	 the	 initial	 take-off	 angle	 of	 the	 killer	 fly	












prothoracic	 legs,	 initiating	 wing	 flapping	 and	 detaching	 the	 pterothoracic	 legs	
from	 the	 arena	 surface,	 immediately	 aligning	 the	 body	 towards	 the	 target.	 The	
location	killer	flies	took	off	from	influenced	the	kinematics	of	the	attack	(Fig.	4.2a).	







When	 diving,	 all	 killer	 flies	 tested	 continuously	 flapped	 their	 wings	 at	 an	
average	303	Hz	frequency	(±	4.11,	n	=	15	flights),	 for	the	whole	trajectory	(Fig.	
4.S3).	The	mean	wing	area	of	killer	flies	was	2.75	mm2	(±	0.038,	n	=	20	animals)	
which,	 with	 a	 maximal	 stoke	 amplitude	 of	 145°,	 means	 that	 killer	 flies'	 wings	
operate	at	 an	estimated	Reynolds	number	of	276.	Despite	 such	a	 low	Reynolds	
number,	 the	 impressive	accelerations	of	diving	killer	 flies	 led	them	to	reach	the	





to	 complete	 the	 capture	 (Movie	 4.M1),	meaning	 the	 success	 rate	was	 7%.	We	
compared	the	diving	flies	to	anaesthetised	flies	freely	falling	(Fig.	4.2d).	The	peak	













slope	 0.97°/s	 (SE	 =	 0.076,	 p	 <	 0.001).	 Therefore,	 although	 killer	 flies	 could	
manipulate	 the	 initial	 LOS	 by	 timing	 their	 take-off,	 they	 seemed	 to	 initiate	 the	
attack	with	a	constant	17°	lead	over	their	target.	The	killer	fly's	dive	angle	relative	
to	 gravity	 (15.0	 ±	 1.87	 °)	was	not	 however	 significantly	 correlated	 to	 the	 peak	
acceleration	of	the	dive	(Pearson's	correlation,	r	=	0.12,	p	=	0.455).		
The	much	higher	accelerations	recorded	in	dives	from	the	ceiling	compared	to	
other	 attacks	 and	 free	 falls,	 together	 with	 sustained	 wingbeat	 frequencies	
throughout	 the	 dives,	 indicate	 that	 downward	 attacks	 were	 not	 powered	 by	

























floor	 could	 be	 due	 to	 either	 a	 different	 navigational	 strategy	 employed	 during	
dives,	 or	 to	 a	 different	 interaction	 of	 the	 same	 navigational	 strategy	 with	 the	




=	 20.9	 x	 106,	 p	 <	 0.001),	 but	 the	 rotation	 axes	 of	 PN	 and	 pursuit	 were	
predominantly	 aligned	 (Fig.	 4.1c).	 We	 therefore	 repeated	 the	 analysis	 on	 the	
timepoints	of	the	data	where	the	two	navigational	model	axes	were	directionally	
opposed	 by	 over	 130°	 (Fig.	 4.1d).	 In	 this	 region,	 PN	 greatly	 exceeded	 the	
explanatory	 capacity	 of	 pursuit	 (Fig.	 4.1e).	 As	 found	 for	 other	 attacks,	 pursuit	
neither	reproduces	nor	explains	the	kinematics	of	killer	fly	interception,	with	the	







range	vector	correlation	between	diving	killer	 flies	and	flies	 taking	off	 from	the	
arena	wall	and	floor	(Fig.	4.3c).	Although	all	attacks	started	with	negative	range	
vector	correlations,	the	range	vector	correlations	of	attacks	from	the	ceiling	turned	
positive	 as	 time	 progressed,	 suggesting	 a	 failure	 to	 maintain	 an	 interception	
course.	This	failure	suggested	that	the	flies	either	were	unable	to	meet	the	steering	
requirements	 of	 interception	 or	 had	 lost	 interest	 in	 the	 target.	 To	 quantify	 the	
steering	effort	required,	we	used	lateral	acceleration.	Using	lateral	acceleration	as	
a	limit	of	the	heading	rotation	of	the	fly,	we	could	factor	in	the	effect	of	the	speed	
at	which	the	 fly	was	travelling	(an	equivalent	 lateral	acceleration	at	 low	speeds	
will	 generate	 greater	 turning	 response	 than	 at	 high	 speeds).	We	 calculated	 the	
Results	 99	
lateral	 acceleration	 required	 to	 steer	 the	bare	minimum	(N	=	1,	 below	which	a	
collision	 course	 is	 not	 steered)	 course	 toward	 the	 target	 using	model	 steering	
simulation	and	the	speed	of	the	fly,	for	flights	taking	off	from	the	floor,	wall,	and	





0.049).	 We	 then	 calculated	 the	 lateral	 acceleration	 output	 of	 the	 real	 flies	
throughout	their	trajectory	and	found	that	the	type	of	surface	that	flies	took	off	
from	affected	 the	 lateral	 accelerations	 they	produced	 (Fig.	4.3e,	Kruskal-Wallis	
test,	χ2(2)	 =	 2799,	p	 <	 0.001).	 In	 flights	 from	 the	 ceiling,	 killer	 flies	 had	higher	
lateral	accelerations	(12.1	±	0.057	m/s2)	than	their	wall	(8.31	±	0.074	m/s2,	p	<	
0.001)	and	 floor	counterparts	 (6.70	±	0.088	m/s2,	p	<	0.001).	The	mean	 lateral	
acceleration	requirements	of	PN	with	a	low	N	=	1	(killer	flies	previously	found	to	
have	N	≈	1.5	(Fabian	et	al.,	2018))	are	 frequently	higher	than	the	population	of	
lateral	 accelerations	 generated	 by	 the	 fly.	 This	 suggests	 that	 this	 may	 be	 the	
limiting	factor	on	the	fly.	





fit	 of	 the	 pure	 PN	model	 and	 the	 limited	 PN	model,	 which	 confirmed	 that	 the	
limited	model	was	still	the	most	probable,	despite	the	additional	term	(likelihood	
ratio	test,	χ2(1)	=	12.4,	p	<	0.001).	The	angular	difference	of	PN	and	limited	PN	from	
real	 trajectories	 (Fig.	 4.3a)	 shows	 that	 the	 deviation	 in	 PN,	 predominantly	
occurring	in	the	latter	section	of	the	flight,	was	reduced	in	the	limited	PN	model.	
Similarly,	 simulations	comparing	 limited	PN	 to	pure	pursuit	and	PN	(Fig.	4.3b)	
show	that,	while	pure	PN	simulations	quickly	compensate	for	their	overshooting	






Fig.	 4.3.	 (a)	 Three	 example	 simulations	 of	 the	 pure	 pursuit	 (dark	 blue),	 proportional	
navigation	(pink),	and	limited	proportional	navigation	(orange)	models,	compared	to	the	




Mean	 lines	are	given	 in	bold.	 (d)	The	mean	 lateral	acceleration	required	 to	complete	a	
minimal	proportional	navigation	(PN	with	N	=	1)	toward	the	target	for	simulated	flights,	
binned	by	take-off	position.	Significance	values:	*	=	p	<	0.05,	**	=	p	<	0.01.	(e)	Histograms	



















positions	 as	 real	 killer	 flies	 taking	 off	 from	 the	 ceiling	 (n	 =	 44	 flights).	 We	




p	 <	 0.001),	 when	 given	 the	 ceiling-launch	 speed	 profile	 (R2	 =	 0.40,	 R2	 =	 0.42	
respectively).	When	given	 speed	profiles	 of	 attacks	 from	 the	walls	 or	 floor,	 the	
simulated	 dives	 were	 less	 steep	 than	 the	 real	 dives,	 with	 93%	 and	 95%	 of	
simulations	respectively	 less	steep	than	recorded	dives.	This	demonstrates	 that	
speed	is	a	key	component	of	why	killer	flies'	dives	are	so	vertical.	
We	 calculated	 the	model’s	 overshoot	 up	 to	maximum	80	mm,	 as	 in	 the	 real	
arena,	for	the	different	conditions	(Fig.	4.4d).	Using	the	unlimited	model,	minimal	
overshoot	was	generally	a	product	of	proximity	to	the	target’s	start,	and	the	flies’	






















We	also	calculated	the	time	to	contact	 in	 the	whole	 trajectory	with	an	upper	
limit	of	2	s	(Fig.	4.4f).	When	using	the	unlimited	model,	this	coincided	with	the	
area	 of	 minimal	 time	 to	 contact.	 However,	 in	 the	 limited	 simulation,	 a	 'no-hit'	
region	formed	in	which	simulations	inevitably	overshot	targets	instead	of	making	
contact	with	them	on	first	attempt.	In	the	simulation	with	speed	regimes	of	flies	












are	shown	for	unlimited	PN	(left)	and	PN	with	 limited	 lateral	acceleration	(right).	 (c-f)	
Maps	of	the	flight	outcomes,	by	different	metrics	(columns),	of	simulations	under	different	
lateral	acceleration	and	speed	regimes	(rows).	Coloured	dots	in	(c)	represent	real	killer	
fly	 take-off	positions	 in	ceiling	dives	(n	=	44),	white	dots	 in	(d-f)	denote	mean	starting	
position	of	true	flies,	while	ellipse	denotes	±	standard	deviation	of	starting	positions.	Rows	
represent	models	with	alternative	kinematic	regimes:	unlimited	lateral	acceleration	(top	
row)	 and	 limited	 lateral	 acceleration	 (upper	middle	 row)	models	with	 simulated	 speed	























μN)	was	 not	 significantly	 correlated	with	 dive	 angle	(Pearson's	 correlation,	 r	=	
0.23,	 p	 =	 0.130,	 Fig.	 4.5a).	 The	 force	 produced	 initially	 decreased	 and	




the	 lateral	 flight	 force	 was	 more	 constant	 throughout	 the	 dive	 (Fig.	 4.5c),	
presumably	near	the	fly's	maximum	capacity.	
	Wingbeat	frequencies	were	relatively	steady	throughout	the	dive	(Fig.	4.S3),	
suggesting	 that	 increases	 in	 force	production	might	be	 achieved	 in	other	ways.	
Mean	 wingbeat	 frequencies	 (303	 ±	 4.11	 Hz,	 n	 =	 15	 flights)	 were	 also	 not	
significantly	correlated	with	dive	angle	(Pearson's	correlation,	r	=	-0.1,	p	=	0.731).	
At	 the	 beginning	 of	 the	 dive,	 killer	 flies	 directed	 their	 flight	 force	 directly	
downwards,	but	this	vector	was	subsequently	rotated	to	a	horizontal	orientation,	










=	 -0.04,	p	=	0.801).	Similar	amounts	of	 flight	power	were	 therefore	required	 to	
perform	dives	in	different	directions,	suggesting	that	dives	with	lower	angles	are	
as	energetically	expensive	as	dives	with	higher	angles.		















25.8	 p	 <	 0.001).	 Moreover,	 peak	 power	 was	 reached	 earlier	 in	 dives	 from	 the	
ceiling	(121	±	5.62	ms),	than	in	dives	from	the	walls	(192	±	22.9	ms)	and	floor	(184	
±	26.9	ms)	of	the	arena,	also	a	significant	difference	(Kruskal-Wallis	test,	χ2(2)	=	
17.4,	 p	 <	 0.001).	 Peak	 power	 timing	 was	 significantly	 different	 between	 dives	
starting	from	the	ceiling	and	attacks	from	the	arena	walls	and	floor,	but	the	latter	




















dives.	Angles	below	90°	 indicate	downward-oriented	 force	vectors,	90°	angles	 indicate	
horizontal	 forces,	 angles	above	90°	 indicate	upward-oriented	vectors.	 (e)	Flight	power	
over	time	across	all	dives.	(f)	Flight	power	density	(blue)	and	wing	aerodynamic	power	
densities	 (grey)	 of	 attacks	 from	 the	 ceiling.	 (g)	 Flight	 power	 density	 (lilac)	 and	 wing	
aerodynamic	power	densities	 (grey)	of	attacks	 from	 the	wall.	 (h)	Flight	power	density	
(purple)	 and	 wing	 aerodynamic	 power	 density	 (grey)	 of	 attacks	 from	 the	 floor.	 The	















m/s2.	 Compared	 with	 diving	 raptors,	 which	 achieve	 accelerations	 of	 6.8	 m/s2	
(Ponitz	et	al.,	2014),	 the	killer	 fly	demonstrates	 itself	 to	be	an	impressive	aerial	
predator.	These	accelerations	are	achieved	even	though	killer	flies'	wings	operate	
at	 intermediate	 Reynolds	 numbers	 (~	 3	 ×	 102).	 This	 figure	 is	 just	 above	 that	









for	 each	 model	 to	 the	 heading	 of	 real	 flies,	 we	 excluded	 the	 modified	 pursuit	
paradigms	with	added	modulators.	Another	way	of	developing	interception-type	
flightpaths	is	using	the	principle	of	deviated	pursuit,	when	the	pursuer	attempts	
to	 steer	 ahead	 of	 the	 current	 target	 position	 by	 a	 set	 lead.	 The	 optimal	 lead	 is	
determined	by	the	velocity	of	the	target	relative	to	the	pursuer,	and	angles	other	
than	 the	optimum	will	 lead	 to	 a	 first	 pass	miss	of	 the	 target	 (Shneydor,	 1998).	











preconceived	 flight-plan.	We	 find	 it	 unlikely	 that	 killer	 flies	use	 a	 flight-plan	 to	
guide	 themselves.	 Killer	 flies	 have	 been	 demonstrated	 to	 rely	 on	 an	 angular	
size/speed	ratio	match	to	determine	likely	targets,	resulting	in	them	chasing	after	
unsuitable	targets	that	match	the	desired	ratio	(Wardill	et	al.,	2015).	This	finding	
suggests	 that	killer	 flies	do	not	rely	on	 target	speed	assumptions	 for	predation,	








Our	 results	 suggest	 that	PN,	 combined	with	 the	speed	of	 the	 target,	 the	high	






flies,	 and	we	 find	 this	 lateral	 acceleration	 limit	 to	 be	 in	 the	 region	 of	 15	m/s2,	
although	measured	fly	lateral	accelerations	do	occasionally	reach	up	to	20	m/s2.	
Future	 work	 would	 benefit	 from	 closer	 examination	 of	 the	 flies’	 orientations	















target	 detection	 system	matches	 a	 filter	 for	 objects	 passing	 through	 a	 specific	
region.	 Previous	 work	 (Fabian	 et	 al.,	 2018)	 has	 shown	 that	 killer	 flies	
predominantly	 take	 off	 while	 their	 target	 is	 coming	 toward	 them	 (as	 seen	 in	
dragonflies	 (Lin	 and	 Leonardo,	 2017)),	 and	 in	 the	 position	 that	 would	 lead	 to	
minimal	 time	 to	 contact.	 Similarly,	we	 found	 that	killer	 flies	 take	off	within	 the	
region	 with	 minimal	 time	 to	 first	 pass.	 This	 behaviour	 puts	 them	 in	 the	 large	
overshoot	region	when	 travelling	at	 the	high	dive	speed,	 resulting	 in	extremely	
long	 times	 until	 final	 contact	 (Fig.	 4.4).	 Further	 experiments	 should	 test	 dives	
towards	 targets	 travelling	 at	 a	 range	 of	 speeds.	 Such	 data	 would	 allow	 us	 to	
determine	whether	killer	flies	adjust	their	take	off	timing	according	to	the	target’s	
speed,	and	to	what	extent	 the	 target	overshoot	during	dives	 is	a	product	of	 the	
specific	bead	speed	used	in	our	experiments	(0.79	m/s).	In	our	experiments,	killer	
flies	took	off	with	a	constant	17°	lead	over	the	initial	target	position	when	attacking	
from	 the	ceiling.	Further	analysis	would	also	 test	whether	 this	 take-off	 angle	 is	
intrinsic	to	the	killer	fly	or	whether	it	depends	on	prey	speed.	
Killer	flies	could	take	off	later	and	avoid	the	large	overshoot	region.	This	would	
lead	 to	 attacks	which	 are	 energetically	 as	 expensive,	 but	with	 reduced	 time	 to	















and	 linear	 relationships	 with	 flight	 force	 (Lehmann	 and	 Dickinson,	 1997)	
calculated	in	other	Schizophora	species	to	calculate	aerodynamic	power	densities,	
meaning	 that	 the	 absolute	 values	we	 present	might	 be	 inaccurate.	 A	 thorough	
investigation	of	the	wing	kinematics	in	flight	might	confirm	or	correct	the	absolute	
values	given	in	the	present	article.	However,	the	pattern	of	the	power	profiles	is	




































when	 hunting	 from	 inverted	 positions,	 but	 not	 taking	 into	 account	 physical	
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Figure	4.S3.	Smoothed	wingbeat	 frequency	plotted	over	 time	shows	that	 there	 is	 little	
difference	between	dives	with	different	angles	(n	=	15).	
	 	


























































































































































































































-20 0 20 40 60












































































and-wait	 predators,	 famously	 catching	 their	 prey	 with	 specialised	 raptorial	
forelimbs	(Copeland	and	Carlson,	1977;	Corrette,	1990;	Loxton	and	Nicholls,	1979;	
Prete,	1990).	Their	eyes	have	evolved	to	support	a	predatory	lifestyle,	with	large	





factors.	 Prey	 speed	 affected	 every	 aspect	 of	 the	 strike	 considered,	 from	 the	




no	 prior	 head	 movements,	 especially	 when	 prey	 speed	 greatly	 exceeded	 the	
angular	speed	of	mantid	head	rotations	(Lea	and	Mueller,	1977).	We	suggest	that	
this	may	be	done	to	reduce	motion	blur.	The	presence	of	a	head	movement	did	not	
significantly	 affect	 the	 likelihood	 of	 a	 strike	 being	 initiated;	 however,	 head	





mantids,	 darting	 robber	 flies	 are	 generalist	 predators.	 They	 predate	 by	 flying	
towards	static	prey	at	high	speed,	a	strategy	called	gleaning.	Despite	the	difference	




their	 capacity	 to	 use	 stereopsis.	 Although	 darting	 robber	 flies	 attacked	 from	
distances	correlated	to	prey's	size,	prey	did	not	subtend	the	same	angular	size	at	
the	distance	the	attack	was	launched.	We	found	that	darting	robber	flies	assessed	
prey	with	much	more	 tortuous	 flights	 than	 a	 larger	 gleaner,	 the	 fragile	 forktail	





1998;	 Kral,	 2003;	 Poteser	 and	 Kral,	 1995).	 Consequently,	 we	 suggested	 that	
darting	robber	flies	use	active	vision,	specifically	motion	parallax,	to	compensate	
for	the	reduced	stereopsis	range	determined	by	the	small	size	of	their	head.	
Chapter	 4	 investigated	 killer	 flies,	 small	 active	 predators	 that	 also	 possess	 a	
frontal	 fovea	 (Gonzalez-Bellido	 et	 al.,	 2011)	 but	 do	 not	 use	 it	 for	 stereopsis	
(Wardill	 et	 al.,	 2015).	 Killer	 flies	 capture	 moving	 prey	 by	 interception	 when	




flies	 reach	 limits	 their	 lateral	 acceleration	 which	 causes	 them	 to	 produce	








poor	 (Gonzalez-Bellido	 et	 al.,	 2011),	 much	 poorer	 than	 other	 active	 insect	
predators	 (Horridge,	 1978;	 Sherk,	 1978;	Wardill	 et	 al.,	 2017).	We	 suggest	 that	
flying	 towards	 prey	 at	 high	 speed	 might	 help	 killer	 flies	 keep	 track	 of	 prey,	




variety	 of	 predatory	 strategies.	Whether	 predating	 upon	 static	 prey	 or	moving	
prey,	whether	doing	so	by	active	or	sit-and-wait	predation,	whether	possessing	












There	 are	many	 examples	 of	 animal	 behaviour	 reflecting	 this.	 Foraging	 leaf	
cutter	ants	drop	 leaf	pieces	along	a	 trail	before	reaching	the	nest,	which	causes	
them	to	head	back	towards	the	food	source,	prolonging	the	time	spent	 foraging	
(Röschard	 and	 Roces,	 2011).	 However,	 dropping	 leaf	 pieces	 at	 strategic	 nodes	
spreads	 information	 about	 food	 quality	 to	 the	 rest	 of	 the	 colony,	 which	 can	
improve	 energy	 intake.	 Although	 seemingly	 maladaptive,	 this	 behaviour	
prioritises	food	information	over	foraging	time.	Somewhat	similarly,	orcas	prolong	
wave-washing	 attacks	 by	 allowing	 seals	 back	 on	 the	 ice	 (Visser	 et	 al.,	 2008).	
Seemingly	 counterintuitive,	 this	 behaviour	 might	 help	 orcas	 teach	 their	 young	
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necessary	 motor	 skills.	 These	 are	 only	 two	 examples	 where	 seemingly	
maladaptive	behaviours	may	yet	be	advantageous.	
Central	to	sensory	ecology	is	the	concept	of	information	(Dusenbery,	1992),	and	
how	 information	 is	 gathered	 and	 handled	 by	 animals.	 The	 three	 animals	
considered	in	this	thesis	have	been	shown	to,	at	times,	prioritise	visual	information	
gathering	over	uninformed	attacks.	Leaf	cutter	ants	may	prioritise	chemosensory	
information	 acquisition	 in	 the	 colony	 over	 individual	 foraging	 time.	 Orcas	may	
prioritise	acquisition	of	motor	information	by	young	calves.	To	fully	account	for	
animal	behaviour,	neuroethology	has	to	be	complemented	with	sensory	ecology	
and	 biomechanics.	 This	 thesis	 has	 tried	 to	 do	 so,	 by	 considering	 information	
gathered	by	predators,	as	well	as	their	behavioural	goal	and	their	biomechanical	

















As	 an	 emerging	 field,	 active	 vision	 brings	 challenges	 of	 incorporating	 vastly	




passive	 sensing,	 what	 physical	 limitations	 they	 face	 and	 how	 active	 sensing	 is	
implemented	 by	 neural	 correlates.	 A	 fully	 integrated	 approach	 to	 animal	
behaviour	 arises	 not	 only	 from	 understanding	 how	 visual	 information	 affects	















P.	 R.	 (2014).	 The	 evolution	 and	 development	 of	 neural	 superposition.	 J.	
Neurogenet.	28,	216–32.	
Alcazar,	J.,	Csapo,	R.,	Ara,	I.	and	Alegre,	L.	M.	(2019).	On	the	shape	of	the	force-
velocity	relationship	 in	skeletal	muscles:	 the	 linear,	 the	hyperbolic,	and	the	
double-hyperbolic.	Front.	Physiol.	10,	769.	
Alerstam,	T.	(1987).	Radar	observations	of	the	stoop	of	the	peregrine	falcon	Falco	
peregrinus	 and	 the	 goshawk	Accipiter	 gentilis.	 Ibis	 (Lond.	 1859).	129,	 267–
273.	
Aloimonos,	 J.,	 Weiss,	 I.	 and	 Bandyopadhyay,	 A.	 (1988).	 Active	 vision.	 Int.	 J.	
Comput.	Vis.	1,	333–356.	


















L.,	 Leite,	R.	E.	P.,	 Filho,	W.	 J.,	 Lent,	R.	and	Herculano-Houzel,	 S.	 (2009).	
Equal	numbers	of	neuronal	and	nonneuronal	cells	make	the	human	brain	an	
isometrically	scaled-up	primate	brain.	J.	Comp.	Neurol.	513,	532–541.	
Baker,	 L.	 J.,	 Freed,	 L.	 L.,	 Easson,	 C.	G.,	 Lopez,	 J.	 V,	 Fenolio,	D.,	 Sutton,	T.	T.,	
Nyholm,	S.	V	and	Hendry,	T.	A.	(2019).	Diverse	deep-sea	anglerfishes	share	



































Bonsignore,	 C.	 P.	 (2016).	 Environmental	 factors	 affecting	 the	 behavior	 of	






system	 tuned	 for	 close	 pursuit	 of	 erratically	 manoeuvring	 targets.	 Nat.	
Commun.	10,	2462.	




Crocodiles	 in	 the	 Sahara	 desert:	 An	 update	 of	 distribution,	 habitats	 and	
population	 status	 for	 conservation	 planning	 in	 Mauritania.	 PLoS	 One	 6,	
e14734.	























Buschbeck,	 E.	K.,	 Sbita,	 S.	 J.	 and	Morgan,	R.	 C.	 (2007).	 Scanning	 behavior	 by	
larvae	 of	 the	 predacious	 diving	 beetle,	 Thermonectus	 marmoratus	
(Coleoptera:	Dytiscidae)	enlarges	visual	field	prior	to	prey	capture.	J.	Comp.	
Physiol.	A	193,	973–982.	
Bybee,	 S.	 M.,	 Taylor,	 S.	 D.,	 Riley	 Nelson,	 C.	 and	 Whiting,	 M.	 F.	 (2004).	 A	
phylogeny	 of	 robber	 flies	 (Diptera:	 Asilidae)	 at	 the	 subfamilial	 level:	
molecular	evidence.	Mol.	Phylogenet.	Evol.	30,	789–797.	
Cartmill,	M.	(1974).	Rethinking	primate	origins.	Science	184,	436–43.	
Catania,	 K.	 C.	 (2000).	 Epidermal	 sensory	 organs	 of	 moles,	 shrew	 moles,	 and	
desmans:	A	atudy	of	the	family	Talpidae	with	comments	on	the	function	and	
evolution	of	Eimer’s	organ.	Brain.	Behav.	Evol.	56,	146–174.	


















mantises,	 Sphodromantis	 lineola	 (Burmeister).	 II:	 Strikes	 in	 the	 horizontal	
plane.	Brain.	Behav.	Evol.	48,	191–204.	
Coddington,	J.	and	Sobrevilla,	C.	(1987).	Web	manipulation	and	two	stereotyped	




increased	 fecundity	as	keys	 to	 the	origin	and	expansion	of	 the	mineralized	
benthic	metazoan	fauna.	Biol.	J.	Linn.	Soc.	85,	483–490.	
Collett,	T.	S.	 (1978).	Peering	 -	A	 locust	behaviour	pattern	 for	obtaining	motion	
parallax	information.	J.	Exp.	Biol.	76,	237–241.	
Collett,	 T.	 S.	 and	 Land,	 M.	 F.	 (1978).	 How	 hoverflies	 compute	 interception	
courses.	J.	Comp.	Physiol.	A	125,	191–204.	
Collett,	 T.	 S.	 and	 Paterson,	 C.	 J.	 (1991).	 Relative	 motion	 parallax	 and	 target	
localisation	in	the	locust,	Schistocerca	gregaria.	J.	Comp.	Physiol.	A	169,	615–
621.	
Combes,	 S.	 A.,	 Rundle,	 D.	 E.,	 Iwasaki,	 J.	 M.	 and	 Crall,	 J.	 D.	 (2012).	 Linking	
biomechanics	 and	 ecology	 through	 predator–prey	 interactions:	 flight	
performance	of	dragonflies	and	their	prey.	J.	Exp.	Biol.	215,	903–913.	








Corey,	 D.	 P.	 and	 Hudspeth,	 A.	 J.	 (1983).	 Kinetics	 of	 the	 receptor	 current	 in	
bullfrog	saccular	hair	cells.	J.	Neurosci.	3,	962–76.	

















(2015).	 3D	 tracking	 of	 animals	 in	 the	 field	 using	 rotational	 stereo	
videography.	J.	Exp.	Biol.	218,	2496–504.	
DeAngelis,	 B.	 D.,	 Zavatone-Veth,	 J.	 A.	 and	 Clark,	 D.	 A.	 (2019).	 The	manifold	
structure	of	limb	coordination	in	walking	Drosophila.	Elife	8,	e46409.	



















Domenici,	 P.,	 Blagburn,	 J.	 M.	 and	 Bacon,	 J.	 P.	 (2011).	 Animal	 escapology	 II:	
escape	trajectory	case	studies.	J.	Exp.	Biol.	214,	2474–94.	
Douglass,	 J.	K.	and	Strausfeld,	N.	 J.	 (1995).	Visual	motion	detection	circuits	 in	
flies:	 Peripheral	 motion	 computation	 by	 identified	 small-field	 retinotopic	
neurons.	J.	Neurosci.	15,	5596–611.	
Douglass,	 J.	K.	and	Strausfeld,	N.	 J.	 (1996).	Visual	motion-detection	circuits	 in	








Dzimirski,	 I.	 (2010).	 Untersuchungen	 über	 Bewegungssehen	 und	Optomotorik	
bei	Springspinnen	(Salticidae).1.	Z.	Tierpsychol.	16,	385–402.	
Edgecombe,	 G.	 D.	 (2020).	 Arthropod	 origins:	 Integrating	 paleontological	 and	
molecular	evidence.	Annu.	Rev.	Ecol.	Evol.	Syst.	51,	1–25.	
Egelhaaf,	M.	 (1985).	 On	 the	 neuronal	 basis	 of	 figure-ground	discrimination	 by	




Vision	 in	 Blowflies:	 Strategies	 and	 Mechanisms	 of	 Spatial	 Orientation.	 In	
Flying	Insects	and	Robots	(ed.	Floreano,	D.),	Zufferey,	J.-C.),	Srinivasan,	M.	V.),	
and	Ellington,	C.),	pp.	51–61.	Berlin,	Heidelberg:	Springer	Berlin	Heidelberg.	














Evans,	 M.	 E.	 G.	 and	 Forsythe,	 T.	 G.	 (2009).	 A	 comparison	 of	 adaptations	 to	
running,	 pushing	 and	 burrowing	 in	 some	 adult	 Coleoptera:	 especially	
Carabidae.	J.	Zool.	202,	513–534.	
Ewert,	 J.-P.	 (1987).	 Neuroethology	 of	 releasing	 mechanisms:	 Prey-catching	 in	
toads.	Behav.	Brain	Sci.	10,	337–368.	








T.	 (2018).	 Interception	 by	 two	 predatory	 fly	 species	 is	 explained	 by	 a	
proportional	navigation	feedback	controller.	J.	R.	Soc.	Interface	15,	20180466.	
















Flood,	 P.	 R.	 (1970).	 The	 connection	 between	 spinal	 cord	 and	 notochord	 in	












Gahtan,	 E.,	 Tanger,	 P.	 and	 Baier,	 H.	 (2005).	 Visual	 prey	 capture	 in	 larval	
zebrafish	 is	 controlled	 by	 identified	 reticulospinal	 neurons	 downstream	of	
the	tectum.	J.	Neurosci.	25,	9294–303.	
Galloway,	J.	A.	M.,	Green,	S.	D.,	Stevens,	M.	and	Kelley,	L.	A.	(2020).	Finding	a	







Gårding,	 J.,	 Porrill,	 J.,	 Mayhew,	 J.	 E.	W.	 and	 Frisby,	 J.	 P.	 (1995).	 Stereopsis,	
vertical	disparity	and	relief	transformations.	Vision	Res.	35,	703–722.	
Gazda,	S.	K.,	Connor,	R.	C.,	Edgar,	R.	K.	and	Cox,	F.	(2005).	A	division	of	labour	
with	 role	 specialization	 in	 group–hunting	 bottlenose	 dolphins	 (Tursiops	
truncatus)	off	Cedar	Key,	Florida.	Proc.	R.	Soc.	B	Biol.	Sci.	272,	135–140.	
Gibson,	 J.	 J.	 (1950).	The	 Perception	 of	 the	 Visual	World.	 Boston,	MA:	Houghton	
Mifflin.	





Gonka,	M.	 D.,	 Laurie,	 T.	 J.	 and	 Prete,	 F.	 R.	 (1999).	 Responses	 of	 movement-
sensitive	 visual	 interneurons	 to	 prey-like	 stimuli	 in	 the	 praying	 mantis	
Sphodromantis	lineola	(Burmeister).	Brain.	Behav.	Evol.	54,	243–262.	
Gonzalez-Bellido,	P.	T.	and	Wardill,	T.	J.	(2012).	Labeling	and	confocal	imaging	












Gray,	P.	T.	and	Mill,	P.	 J.	 (1983).	The	mechanics	of	 the	predatory	strike	of	 the	
praying	mantid	Heirodula	Membranacea.	J.	Exp.	Biol.	107,	245–275.	





Grimaldi,	 D.	 and	 Engel,	 M.	 S.	 (2005).	 Evolution	 of	 the	 Insects.	 Cambridge:	
Cambridge	University	Press.	
Grobecker,	 D.	 B.	 and	 Pietsch,	 T.	 W.	 (1979).	 High-Speed	 Cinematographic	
Evidence	 for	 Ultrafast	 Feeding	 in	 Antennariid	 Anglerfishes.	 Science	 205,	
1161–1162.	
Gronenberg,	W.,	Tautz,	 J.	and	Hölldobler,	B.	 (1993).	Fast	 trap	 jaws	and	giant	
neurons	in	the	ant	Odontomachus.	Science	262,	561–563.	
Gwynne,	 D.	 T.	 (2008).	 Sexual	 conflict	 over	 nuptial	 gifts	 in	 insects.	 Annu.	 Rev.	
Entomol.	53,	83–101.	
Hafed,	Z.	M.,	Chen,	C.-Y.,	Tian,	X.,	Baumann,	M.	and	Zhang,	T.	 (2021).	Active	













using	 a	 proportional	 control	 law	 with	 a	 delay	 of	 one	 half-stride.	 J.	 R.	 Soc.	
Interface	11,	20140216.	
Hayward,	 M.	 W.,	 Hofmeyr,	 M.,	 O’Brien,	 J.	 and	 Kerley,	 G.	 I.	 H.	 (2006).	 Prey	
preferences	 of	 the	 cheetah	 (Acinonyx	 jubatus)	 (Felidae:	 Carnivora):	













Heinrich,	 B.	 (1993).	 Cold	 Jumpers.	 In	 The	 Hot-Blooded	 Insects,	 pp.	 422–446.	
Berlin:	Springer-Verlag.	
Heitler,	 W.	 J.,	 Goodman,	 C.	 S.	 and	 Rowell,	 C.	 H.	 F.	 (1977).	 The	 effects	 of	











K.,	 Scharke,	W.,	 Vollmar,	 J.,	 Radach,	R.	 and	Heim,	 S.	 (2013).	 Identifying	















zebrafish	 reference	 genome	 sequence	 and	 its	 relationship	 to	 the	 human	
genome.	Nature	496,	498–503.	
Hume,	I.	D.	(2002).	Digestive	strategies	of	mammals.	Acta	Zool.	Sin.	48,	1–19.	













































Kral,	 K.	 (2013).	 Vision	 in	 the	mantispid:	 a	 sit-and-wait	 and	 stalking	 predatory	
insect.	Physiol.	Entomol.	38,	1–12.	
Kral,	K.,	Vernik,	M.	and	Devetak,	D.	(2000).	The	visually	controlled	prey-capture	
behaviour	 of	 the	 European	 mantispid	Mantispa	 styriaca.	 J.	 Exp.	 Biol.	 203,	
2117–2123.	
Krapp,	 H.	 G.,	 Hengstenberg,	 B.	 and	 Hengstenberg,	 R.	 (1998).	 Dendritic	






Kynaston,	 S.	 E.,	 McErlain-Ward,	 P.	 and	 Mill,	 P.	 J.	 (1994).	 Courtship,	 mating	
behaviour	 and	 sexual	 cannibalism	 in	 the	 praying	 mantis,	 Sphodromantis	
lineola.	Anim.	Behav.	47,	739–741.	




Land,	M.	 F.	 (1993).	 Chasing	 and	 pursuit	 in	 the	 dolichopodid	 fly	Poecilobothrus	
nobilitatus.	J.	Comp.	Physiol.	A	173,	605–613.	




Land,	M.	 F.	 and	 Collett,	 T.	 S.	 (1974).	 Chasing	 behaviour	 of	 houseflies	 (Fannia	
canicularis).	J.	Comp.	Physiol.	89,	331–357.	
Land,	M.	 F.	 and	Nilsson,	 D.-E.	 (2002).	Animal	 Eyes.	 Oxford:	 Oxford	 University	
Press.	
Land,	M.	F.,	Marshall,	 J.	N.,	Brownless,	D.	and	Cronin,	T.	W.	 (1990).	The	eye-









Laughlin,	 S.	 and	 McGinness,	 S.	 (1978).	 The	 structures	 of	 dorsal	 and	 ventral	
regions	of	a	dragonfly	retina.	Cell	Tissue	Res.	188,	427–447.	







Lehmann,	 F.-O.	 (2001).	 The	 efficiency	 of	 aerodynamic	 force	 production	 in	
Drosophila.	Comp.	Biochem.	Physiol.	Part	A	Mol.	Integr.	Physiol.	131,	77–88.	
Lehmann,	F.	O.	and	Dickinson,	M.	H.	(1997).	The	changes	in	power	requirements	
and	 muscle	 efficiency	 during	 elevated	 force	 production	 in	 the	 fruit	 fly	
Drosophila	melanogaster.	J.	Exp.	Biol.	200,	1133–1143.	
Lehrer,	 M.	 and	 Collett,	 T.	 S.	 (1994).	 Approaching	 and	 departing	 bees	 learn	
different	cues	to	the	distance	of	a	landmark.	J.	Comp.	Physiol.	A	175,	171–177.	




























Lucas,	 J.	 R.	 (1982).	 The	 biophysics	 of	 pit	 construction	 by	 antlion	 larvae	
(Myrmeleon,	Neuroptera).	Anim.	Behav.	30,	651–664.	























Mazer,	 J.	 A.	 and	 Gallant,	 J.	 L.	 (2003).	 Goal-related	 activity	 in	 V4	 during	 free	








McMenamin,	M.	 A.	 and	 Schulte	McMenamin,	D.	 L.	 (1990).	The	 Emergence	 of	
Animals:	 The	 Cambrian	 Breakthrough.	 New	 York,	 NY:	 Columbia	 University	
Press.	





















Milledge,	 G.	 (1990).	 Revision	 of	 the	 genus	 Nesoxypilus	 Beier	 (Mantodea:	
Amorphoscelidae:	Paraoxypilinae).	Mem.	Museum	Victoria	50,	347–355.	
Miller,	 W.	 H.,	 Bernard,	 G.	 D.	 and	 Allen,	 J.	 L.	 (1968).	 The	 optics	 of	 insect	
compound	eyes.	Science	162,	760–7.	










“Double-trick”	 visual	 and	 chemical	 mimicry	 by	 the	 juvenile	 orchid	 mantis	
Hymenopus	coronatus	used	in	predation	of	the	oriental	honeybee	Apis	cerana.	
Zoolog.	Sci.	31,	795–801.	
Montgomery,	 R.	 B.	 (1947).	 Viscosity	 and	 Thermal	 Conductivity	 of	 Air	 and	
Diffusivity	of	Water	Vapor	in	Air.	J.	Meteorol.	4,	193–196.	
Moore,	T.	Y.	and	Biewener,	A.	A.	(2015).	Outrun	or	outmaneuver:	Predator–prey	










Munk,	 O.	 (1999).	 The	 escal	 photophore	 of	 ceratioids	 (Pisces;	 Ceratioidei)	 -	 a	
review	of	structure	and	function.	Acta	Zool.	80,	265–284.	
Namiki,	S.,	Dickinson,	M.	H.,	Wong,	A.	M.,	Korff,	W.	and	Card,	G.	M.	(2018).	The	





















Nishida,	 R.	 (2002).	 Sequestration	 of	 defensive	 substances	 from	 plants	 by	
Lepidoptera.	Annu.	Rev.	Entomol.	47,	57–92.	








Nityananda,	 V.,	 Tarawneh,	 G.,	 Henriksen,	 S.,	 Umeton,	 D.,	 Simmons,	 A.	 and	
Read,	J.	C.	A.	(2018).	A	novel	form	of	stereo	vision	in	the	praying	mantis.	Curr.	
Biol.	28,	588-593.e4.	
Niven,	 J.	 E.,	 Anderson,	 J.	 C.	 and	 Laughlin,	 S.	 B.	 (2007).	 Fly	 photoreceptors	
demonstrate	 energy-information	 trade-offs	 in	 neural	 coding.	 PLoS	 Biol.	 5,	
e116.	
















visual	 pattern	movement	 by	 single	 interneurons	 in	 the	 dragonfly.	 J.	 Comp.	
Physiol.	A	142,	27–41.	
Olberg,	 R.	 M.	 (1983).	 Identified	 interneurons	 steer	 flight	 in	 the	 dragonfly.	 In	
Society	for	Neuroscience	Abstracts,	p.	326.	



















Patek,	 S.	 N.,	 Rosario,	 M.	 V	 and	 Taylor,	 J.	 R.	 A.	 (2013).	 Comparative	 spring	
mechanics	in	mantis	shrimp.	J.	Exp.	Biol.	216,	1317–29.	
Paterson,	J.	R.,	García-Bellido,	D.	C.,	Lee,	M.	S.	Y.,	Brock,	G.	A.,	Jago,	J.	B.	and	




Pérez-de	 la	 Fuente,	 R.	 and	 Peñalver,	 E.	 (2019).	 A	 mantidfly	 in	 Cretaceous	










Pietsch,	 T.	W.	 and	Grobecker,	 D.	 B.	 (1978).	 The	 compleat	 angler:	 Aggressive	
mimicry	in	an	antennariid	anglerfish.	Science	201,	369–370.	
Ponitz,	 B.,	 Schmitz,	 A.,	 Fischer,	 D.,	 Bleckmann,	 H.	 and	 Brücker,	 C.	 (2014).	
Diving-flight	aerodynamics	of	a	peregrine	falcon	(Falco	peregrinus).	PLoS	One	
9,	e86506.	
Poteser,	 M.	 and	 Kral,	 K.	 (1995).	 Visual	 distance	 discrimination	 between	
stationary	targets	in	praying	mantis:	An	index	of	the	use	of	motion	parallax.	J.	
Exp.	Biol.	198,	2127–2137.	
Prete,	 F.	R.	 (1990).	 Prey	 capture	 in	mantids:	 The	 role	 of	 the	prothoracic	 tibial	
flexion	reflex.	J.	Insect	Physiol.	36,	335–338.	
Prete,	F.	R.,	Placek,	P.	J.,	Wilson,	M.	A.,	Mahaffey,	R.	J.	and	Nemcek,	R.	R.	(1993).	
Stimulus	 speed	 and	 order	 of	 presentation	 effect	 the	 visually	 released	
predatory	 behaviors	 of	 the	 praying	 mantis	 Sphodromantis	 lineola	 (Burr.).	
Brain.	Behav.	Evol.	42,	281–294.	
Prete,	F.	R.,	Hurd,	L.	E.,	Branstrator,	D.	and	Johnson,	A.	(2002).	Responses	to	




Ravi,	 S.,	 Bertrand,	 O.,	 Siesenop,	 T.,	 Manz,	 L.-S.,	 Doussot,	 C.,	 Fisher,	 A.	 and	
Egelhaaf,	 M.	 (2019).	 Gap	 perception	 in	 bumblebees.	 J.	 Exp.	 Biol.	 222,	
jeb184135.	
Rayer,	 B.,	 Naynert,	 M.	 and	 Stieve,	 H.	 (1990).	 Phototransduction:	 different	
mechanisms	in	vertebrates	and	invertebrates.	J.	Photochem.	Photobiol.	B	Biol.	
7,	107–48.	




















Rogers,	B.	and	Graham,	M.	 (1979).	Motion	parallax	as	an	 independent	cue	 for	
depth	perception.	Perception	8,	125–34.	
Rogers,	 B.	 and	 Graham,	M.	 (1982).	 Similarities	 between	motion	 parallax	 and	
stereopsis	in	human	depth	perception.	Vision	Res.	22,	261–270.	
Röschard,	J.	and	Roces,	F.	(2011).	Sequential	load	transport	in	grass-cutting	ants	
(Atta	 vollenweideri):	 maximization	 of	 plant	 delivery	 rate	 or	 improved	
information	transfer?	Psyche	A	J.	Entomol.	2011,	1–10.	
Rosner,	R.,	von	Hadeln,	J.,	Salden,	T.	and	Homberg,	U.	(2017).	Anatomy	of	the	















Ruiz,	C.	 and	Theobald,	 J.	 C.	 (2020).	Ventral	motion	parallax	enhances	 fruit	 fly	
steering	to	visual	sideslip.	Biol.	Lett.	16,	20200046.	





for	 vertebrate	 suspension	 feeding.	 In	 The	 Skull,	 Volume	 3:	 Functional	 and	
Evolutionary	Mechanisms	(ed.	Hanken,	J.)	and	Hall,	B.	K.),	pp.	37–112.	London:	
University	of	Chicago	Press.	











finding	 mechanisms	 in	 stomatopods	 from	 different	 environmental	 light	
conditions.	Comp.	Biochem.	Physiol.	Part	A	Physiol.	80,	271–280.	














Shashar,	 N.,	 Hagan,	 R.,	 Boal,	 J.	 G.	 and	 Hanlon,	 R.	 T.	 (2000).	 Cuttlefish	 use	
polarization	sensitivity	in	predation	on	silvery	fish.	Vision	Res.	40,	71–75.	














Smolla,	 M.,	 Ruchty,	 M.,	 Nagel,	 M.	 and	 Kleineidam,	 C.	 J.	 (2014).	 Clearing	








Sobel,	 E.	 C.	 (1990).	 The	 locust’s	 use	 of	motion	 parallax	 to	measure	 distance.	 J.	
Comp.	Physiol.	A	167,	579–588.	










Srinivasan,	 M.	 V.	 and	 Davey,	 M.	 (1995).	 Strategies	 for	 active	 camouflage	 of	
motion.	Proc.	R.	Soc.	B	Biol.	Sci.	259,	19–25.	
Srinivasan,	M.	 V.,	 Lehrer,	M.,	 Zhang,	 S.	W.	 and	Horridge,	 G.	 A.	 (1989).	How	
honeybees	measure	 their	 distance	 from	 objects	 of	 unknown	 size.	 J.	 Comp.	
Physiol.	A	165,	605–613.	
Bibliography	150	
Stafstrom,	 J.	 A.	 and	 Hebets,	 E.	 A.	 (2016).	 Nocturnal	 foraging	 enhanced	 by	
enlarged	secondary	eyes	in	a	net-casting	spider.	Biol.	Lett.	12,	20160152.	




Stavenga,	 D.	 G.	 (1979).	 Pseudopupils	 of	 compound	 eyes.	 In	 Comparative	
physiology	 and	 evolution	 of	 vision	 in	 invertebrates.	 Handbook	 of	 Sensory	
Physiology.,	pp.	357–439.	Berlin,	Heidelberg:	Springer.	
Stavenga,	D.	G.	(2003).	Angular	and	spectral	sensitivity	of	fly	photoreceptors.	II.	














Strübin,	 C.,	 Steinegger,	 M.	 and	 Bshary,	 R.	 (2011).	 On	 group	 living	 and	
collaborative	hunting	in	the	yellow	saddle	goatfish	(Parupeneus	cyclostomus).	
Ethology	117,	961–969.	
Supple,	 J.	 A.	 (2019).	 Descending	 Premotor	 Target	 Tracking	 Systems	 in	 Flying	
Insects,	PhD	thesis,	University	of	Cambridge,	UK.	




flowers	 and	 twigs:	 Phylogenetic	 revision	 of	 the	 plant-mimicking	 praying	



















Tuthill,	 J.	 C.,	 Nern,	 A.,	 Holtz,	 S.	 L.,	 Rubin,	 G.	 M.	 and	 Reiser,	 M.	 B.	 (2013).	




Van	Buskirk,	 R.	W.	 and	Nevitt,	 G.	 A.	 (2008).	 The	 influence	 of	 developmental	




Varennes,	L.,	Krapp,	H.	G.	and	Viollet,	S.	 (2020).	Two	pursuit	 strategies	 for	a	
single	sensorimotor	control	task	in	blowfly.	Sci.	Rep.	10,	20762.	




Vermeij,	 G.	 J.	 (1993).	 Evolution	 and	 Escalation:	 An	 Ecological	 History	 of	 Life.	
Princeton,	NJ:	Princeton	University	Press.	

















in	 chameleons:	 I.	 Electromyographic	 tests	 of	 functional	 hypotheses.	 J.	 Exp.	
Biol.	168,	1–21.	
Wakeling,	 J.	 and	 Ellington,	 C.	 (1997a).	 Dragonfly	 flight.	 II.	 Velocities,	
accelerations	and	kinematics	of	flapping	flight.	J.	Exp.	Biol.	200,	557–582.	
















Initial	 sequencing	 and	 comparative	 analysis	 of	 the	mouse	 genome.	Nature	
420,	520–562.	
Webb,	J.	E.	(2009).	The	role	of	the	notochord	in	forward	and	reverse	swimming	
and	 burrowing	 in	 the	 amphioxus	Branchiostoma	 lanceolatum.	 J.	 Zool.	170,	
325–338.	
Wehner,	 R.	 (1987).	 “Matched	 filters”	 -	 neural	models	 of	 the	 external	 world.	 J.	
Comp.	Physiol.	A	161,	511–531.	
Bibliography	 153	
Westneat,	 M.	 W.	 (2004).	 Evolution	 of	 levers	 and	 linkages	 in	 the	 feeding	
mechanisms	of	fishes.	Integr.	Comp.	Biol.	44,	378–389.	
Wiederman,	 S.	D.	 and	O’Carroll,	D.	 C.	 (2013).	 Selective	 attention	 in	 an	 insect	
visual	neuron.	Curr.	Biol.	23,	156–61.	
Wiederman,	S.	D.,	Shoemaker,	P.	A.	and	O’Carroll,	D.	C.	(2008).	A	model	for	the	
detection	of	moving	 targets	 in	 visual	 clutter	 inspired	by	 insect	 physiology.	
PLoS	One	3,	e2784.	













gated	evasive	maneuvers	 in	 the	praying	mantis	Parasphendale	agrionina.	 I.	
Free	flight.	J.	Exp.	Biol.	152,	17–39.	
Yamawaki,	 Y.	 (2000a).	 Saccadic	 tracking	 of	 a	 light	 grey	 target	 in	 the	 mantis,	
Tenodera	aridifolia.	J.	Insect	Physiol.	46,	203–210.	











Yamawaki,	 Y.	 and	 Toh,	 Y.	 (2009b).	 A	 descending	 contralateral	 directionally	







Zeil,	 J.	 (1993).	 Orientation	 flights	 of	 solitary	 wasps	 (Cerceris;	 Sphecidae;	
Hymenoptera).	J.	Comp.	Physiol.	A	172,	207–222.	
Zheng,	Z.,	Lauritzen,	J.	S.,	Perlman,	E.,	Robinson,	C.	G.,	Nichols,	M.,	Milkie,	D.,	
Torrens,	 O.,	 Price,	 J.,	 Fisher,	 C.	 B.,	 Sharifi,	 N.,	 et	 al.	 (2018).	 A	 complete	
electron	microscopy	volume	of	the	brain	of	adult	Drosophila	melanogaster.	
Cell	174,	730–743.	
	
